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ABSTRACT 
Magnetoacoustic emission (MAE) is the generation of elastic waves by changes in 
the magnetostrictive strains in magnetic materials during the process of magnetization. It 
is under development as a technique for the non-destructive evaluation of magnetic 
.. 
materials. In this project MAE measurements have been made on nickel and mild steel 
specimens to study the fundamentals ofMAE, and the feasibility of applying MAE to stress 
measurement and defect detection. 
We have investigated the effects of demagnetizing and stray fields on MAE. The 
demagnetizing field was introduced into the magnetic circuit by inserting a non-magnetic 
spacer between the magnet and the specimen. The coexistence of three peaks in the MAE 
profiles from nickel indicates that domain wall (D W) creation, motion and annihilation are 
all responsible for the emissions of MAE. By attributing MAE to the above D W processes, 
we have proposed a model which leads to an explicit expression for the dependence of 
MAE on the applied field frequency f and the magnetic in~uction B. Experimental study 
on the effect of applied field frequency on MAE has also been carried out, and the results 
are in good agreement with the theoretical prediction. The dependence of MAE on B and 
specimen thickness has been examined by MAE measurements made on mild steel bars of 
various thicla!.esses. The lateral dispersion of B penetrated in the bar was also estimated. 
The MAE signal was found to decrease with increasing specimen thickness. These results 
are analysed by considering the distribution of l! and the reluctance of the magnetic circuit. 
The sensitivity of MAE to applied stress was demonstrated by MAE measurements 
made on nickel and mild steel specimens subjected to uniaxial and biaxial stresses. In the 
uniaxial stress study, the results can be satisfactorily explained by considering the 
11 
rearrangement of domain structure owing to magnetoelastic interaction. In the biaxial stress 
study, MAE was found more sensitive to the stress applied along the field direction for both 
materials. The sensitivity was raised by orthogonal stresses of opposite sign, but reduced 
by those of same sign. These results can be understood in terms of the reorientation of 
domain vectors under different stress combinations. Finally, the possibility of applying 
MAE to defect detection has been investigated through measurements on nickel and mild 
steel specimens with artificially implanted holes. In both materials MAE activities were 
enhanced by the presence of holes, but the peak height ratio was found to be more sensitive 
to the hole size than the signal amplitude. These results can be explained by considering 
the presence of closure and residual domains at the edge of the hole. In practice, further 
improvement in the signal-to-noise ratio is necessary before MAE can be developed into 
an applicable technique for detecting defects. 
iii 
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When a ferromagnetic material is subjected to a time-varying magnetic field, the 
discontinuous motion of non-180° domain wall (DW) gives rise to changes in elastic strain 
owing to magnetostriction, and therefore results in the generation of elastic waves known 
as magnetoacoustic emission (MAE) during the magnetization process. In the detection of 
MAE, the specimen is magnetized in an air-core coil or by a c-core magnet placed on the 
sample, and the acoustic signals can be detected by a piezoelectric transducer bonded to the 
specimen surface [1,2]. 
MAE was first discovered by Lord [1] in 1975 during the magnetization of a long 
nickel rod. In his work several important features of MAE from nickel were reported: 
(a) most of the emitted signals were within the frequency range of 100 to 200 kHz; 
(b) the acoustic emissions (AE) signals occurred at the steepest part of the magnetization 
loop; 
(c) the AE counts increased with the rate of change of a.c. current driving through the 
magnet; 
(d) the AE signals from an as-received sample was much greater than that from an 
annealed one. 
This observation suggests that the MAE activity depends on a variety of factors such as the 
magnetizing field frequency, microstructure and the residual stresses present in the sample. 
Although Lord did not propose any satisfactory model for MAE, he had given remarks that 
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MAE should be related to the magnetic Barkhausen effect because for nickel both the 
maximum acoustic emission and Barkhausen noise occur at the steepest portion of the 
hysteresis loop. 
Magnetic Barkhausen effect (MBE) is the phenomenon of discontinuous changes in 
the magnetization of a ferromagnet upon the application of a continuously varying applied 
field. These discontinuous changes in magnetization, which are known as Barkhausen 
jumps，are caused by the abrupt, irreversible motion of the DWs when they break away 
from the pinning sites once the applied field is large enough to overcome the pinning force 
76]. The pinning sites may be grain boundaries, dislocations and inclusions. Therefore the 
MBE signal is dependent on the specimen microstructure. The intrinsic difference between 
MAE and MBE is that MAE is sensitive only to non-180° DW motion while MBE is most 
sensitive to 180° DW motion [15]. MBE was first used by Leep to measure stress, but only 
after the work of Pasley that the potential of MBE in stress measurement was properly 
recognized [26:. 
After Lord, others have found that MAE is mainly due to the abrupt motion of non-
180° DW that can cause sudden changes in magnetostrictive strain and thus generate stress 
pulses. Based on this picture several models have been proposed (see Section 3.1) to 
explain the experimental results of some MAE measurements [3,4]. Nevertheless, the 
mechanism of MAE generation is still controversial. Kim and Kim [5] showed that during 
the DW annihilation the release of strains originally trapped in the DW was also responsible 
for MAE. Later, Guyot and Cagan [6], who studied the effect of demagnetizing field on the 
shape of MAE profiles, concluded that DW creation and annihilation were the only sources 
of MAE. Therefore further research work in this area is needed in order to clarify the 
mechanism of MAE generation. 
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In some previous studies MAE was found to depend on various factors such as the 
magnetizing field frequency and amplitude [3,4,5,7], sample geometry [8], temperature 
[9，10,11，12] and micro structure [13,14,15,16]. The frequency dependence of MAE was 
studied by Kim and Kim [5], who made MAE measurements on a 3% Si-Fe single crystal 
with an applied field of fixed amplitude but varying frequency / finding that the MAE 
energy first varied as / -^ and then a s , ' when/passed a threshold frequency, at which the 
skin depth of field penetration was comparable to the sample thickness. They proposed that 
the MAE energy given out was a function of the number of changes of strain events per 
unit time caused by the motion of the 180�and 90�DW. Nevertheless, their study on this 
topic was incomplete and no explicit form of the frequency dependence of MAE energy 
was given to account for their experimental results. 
In our recent studies, it is found that the magnetizing field frequency affects the 
MAE signal in several ways. Changing the field frequency can alter the DW velocity (see 
Section 3.1.1 and 3.1.2) and the number of events of DW creation and annihilation (see 
Section 3.1.4). Furthermore, because of eddy current shielding the field frequency 
determines the field penetration inside the specimen and hence the portion of the sample 
which gives rise to MAE. Therefore we have proposed a modified model for MAE in order 
to take account of all the above factors. 
From a practical point of view, there is a pressing need for the development of non-
destructive testing (NDT) techniques for monitoring residual stresses in metallic 
components, since these stresses can affect the growth rate of defects such as cracks and 
voids which can subsequently lead to failure. The NDT techniques that are currently being 
employed for stress measurement include X-ray diffraction, ultrasonic bulk and surface 
wave methods, and some magnetic techniques such as magnetic hysteresis, magnetic 
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Barkhausen emission and magneto acoustic emISSIon. Some of them, such as the magnetic 
Barkhausen technique and the ultrasonic methods, have already been used in industries [16]. 
The potential of MAE for stress evaluation was first recognized by Kusanagi, 
Kimura and Sasaki [1 7], who reported the dependence of MAE signals on uniaxial tensile 
and compressive stresses applied to mild steel and nickel. Then Ono and Shibata ' [18] also 
performed stress test on welded steel plates and bolts, concluding that MAE signal was 
sensitive enough for stress determination. Buttle, Scruby, Briggs and lakubovics [15] 
realized the coupled effect of both microstructural variation and applied stress on MAE, and 
they found that there was a significant difference between the stress dependence of MAE 
from the raw and annealed Incoloy 904 samples. In subsequent work [16] they intended to 
separate the microstructural and stress effects by studying samples of different 
microstructures prepared by various heat treatments. 
It is generally accepted that MAE has some decisive advantages over MBE in stress 
measurement, since MAE can be generated throughout the bulk of the specimen while MBE 
is only given out from a thin surface layer owing to the attenuation at high frequencies by 
eddy current shielding [16]. Also MAE is in general more sensitive to stress and less 
sensitive to microstructure than MBE is [16]. In some previous studies [15], MAE and 
MBE were found useful as complementary NDT techniques for the determination of stress 
and microstructure owing to their sensitivities to different kinds of D W motion. 
Nevertheless, the investigation into the stress effect on MAE is still incomplete since most 
of the previous studies have only considered the uniaxial, tensile stress applied to steel [19]. 
Recently, the effect of biaxial stresses on MAE from nickel has been reported by Ng [20]. 
In his work different combinations of tensile and compressive stresses of same magnitude , . 
in two perpendicular directions were applied to the sample. The results showed that tension 
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in both directions raised the MAE signal while the compressive stresses gave the opposite 
effect. However, for steel the, biaxial stresses dependence of MAE is not fully understood 
since experimental data are lacking. Moreover, as the residual stresses present in realistic 
materials are unlikely to be uniaxial, detailed study of the biaxial stresses dependence of 
MAE on a variety of materials is necessary before MAE can be developed into an 
applicable NDT technique for practical stress evaluation. 
I t is also believed that an extra boundary introduced to a specimen may well modify 
the domain structure nearby and hence the MAE signals obtained. Ng et al [2] have studied 
the effect of additional boundaries by drilling a hole into a mild steel bar. They found that 
the shape of MAE profile was changed because of the additional surface. This result 
indicates the possibility of developing MAE as a NDT technique for detecting defects such 
as voids and cracks. 
The purpose of this project is to study the mechanisms of MAE generation and the 
dependence of MAE signal on various factors such as the sample dimensions, frequency 
of the magnetizing field, the applied stress and the presence of artificially implanted defects. 
We will focus our attention to: 
(a) the consolidation of the fundamental theory of MAE (see Chapter 3). In this project 
theoretical study on the models for MAE generation is carried out by combining the 
existing models into one which relates MAE to both DW motion and DW creation-
annihilation processes (see Section 3.1.4). The evidence, which supports the possible 
contribution of the above processes to MAE generation, is provided by the 
experimental results obtained in the study of the effects of demagnetizing and stray 
fields on MAE (s~e Section 5.1). In the same study we have carried out the 
magnetic reluctance calculation which is found useful in explaining some 
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experimental results such as the dependence of MAE on the magnetizing field 
frequency and the specimen thickness (see Sections 5.2.1.2 and 5.2.1.3). 
(b) the improvement of experimental technique for MAE study. In all the experiments 
carried out in this project a movable c-core magnet was used instead of an air-core 
coil to magnetize the specimens. This configuration provides large flexibility for 
measurements and hence a great potential to be developed for industrial application 
(see Section 4.1.1). However some technical problems were encountered such as the 
low signal-to-noise ratio, coupling of the magnet and specimen, and the problem of 
field penetration inside the specimen. One of the objectives of the present study is 
to investigate the effects of all these factors on MAE, and to improve the signal 
detection system for more accurate and reliable MAE measurements. In particular 
the problem of coupling between the magnet and the specimen was studied in the 
experiment described in Section 4.2.1.1 and the results were analysed based on the 
magnetic circuit calculation (see Section 5.1). 
(c) the investigation into the dependence of MAE on the magnetizing field frequency 
and specimen thickness (see Sections 5.2 and 5.3). Detailed studies were carried out 
since these two factors can affect the field penetration and dispersion inside the 
specimen, and also determine the volume of the specimen from which MAE is 
generated. The study of the dependence of MAE on applied field frequency was 
carried out and the results were compared with the theoretical prediction. Also MAE 
measurements were made on specimens of various thicknesses and widths, and the 
results were analysed based on considering the distribution of magnetic induction 
inside the sample. 
(d) the investigation into the effects of uniaxial and biaxial stresses on MAE from nickel 
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and mild steel (see Section 5.4). MAE measurements were made on both nickel and 
mild steel because having different magnetostrictive properties, they should give rise 
to different magnetoelastic interactions and hence different stress dependence of 
MAE. Effects of various combinations of orthogonal stresses on MAE from mild 
steel and nickel were also studied in details. This investigation aimed at obtaining 
a better understanding of the magnetoelastic interactions in these materials, and 
providing more information on the stress dependence of MAE such as the sensitivity 
of MAE to the applied stress. 
(e) the detection of defects by MAE (see Section 5,5). Experiments were carried out on 
both nickel and mild steel with holes drilled into or through the specimens in order 
to study the effect of the extra boundaries on the domain structure nearby and hence 
the MAE signals generated. The dependence of MAE on the defect size was studied, 
and an attempt has been made to extract the most suitable parameters for the 
description of the effect of the implanted defects on MAE. The objective is to find 
out the sensitivity of MAE to defect size which reflects the feasibility of developing 




In this chapter the domain theory is briefly reviewed because it is useful in 
understanding the generation of MAE. In particular, we will focus our attention to the 
magnetic energies responsible for the formation of domain structure, the typical domain 
structure of nickel and iron, and the mechanisms involved in the magnetization process. 
Finally the effect of applied stress on the domain structure will be discussed which is 
helpful in explaining the stress effect on the MAE. 
2.1 Energies in Magnetic Domain Structure 
In general the formation of various domain structures is mainly attributed to four 
energy terms, namely the exchange energy, magnetostatic energy, magnetocrystalline 
anisotropy and magnetostriction energy. Elastic energy may also arise if the crystal is 
strained owing to magnetostriction. Usually the magnetocrystalline anisotropy, 
magnetostriction energy and elastic energy are combined into a single energy term which 
describes the overall anisotropy of the crystal free of applied stress. In the presence of an 
applied stress the magnetoelastic interaction arises and the crystal anisotropy may need 
modification [21]. 
The preferred directions of domain magnetization inside a crystal are mainly 
determined by the magnetic anisotropy which reflects the dependence of internal energy of 
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the crystal on the direction of the spontaneous magnetization of the domains. The magnetic 
anisotropy possessing the crystal symmetry is called the magnetocrystalline anisotropy, 
while the anisotropy induced by the application of an external stress is called the 
magnetostrictive anisotropy. The magnetocrystalline anisotropy energy density E^* for a 
single crystal with cubic symmetry is given by [23 
Eani = K.ialal + 缺 + a 站 + (2.1.1) 
where a j are the directional cosines of the domain magnetization with respect to the crystal 
axes. Therefore the anisotropy of the domain structure is determined by the anisotropy 
constants K! and K? For the sake of simplicity the higher order term containing K] is 
neglected. For a crystal with cubic symmetry, when Kj > 0, is minimum if only one a^ 
is non-zero, and therefore <100> are the easy directions of domain magnetization. When 
Kj <0，<111> become the easy directions. The typical values of Kj for iron and nickel at 
room temperature are 47.14 x erg/cc and -6.01 x lO* erg/cc respectively (Table 2.1). 
This shows that <100> are the easy directions of iron, while <111> are those of nickel. This 
picture has been verified by the direct observation of domain patterns on the nickel and Si-
Fe crystals by various techniques such as the Bitter method [24]. 
For a crystal with hexagonal symmetry, for example cobalt, is given by [22 
Earu = + (2.1.2) 
where 0 is the angle between the c-axis and the direction of magnetization, and K i^ and Kf,2 
are the anisotropy constants. For single-crystal cobalt, typical values of Kf,j and K^ are 
respectively 4.1 x 10^ erg/cc and 1.0 x 10^ erg/cc. Therefore c-axis is an easy axis for 
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cobalt since the anisotropy energy is minimum for 6 = 0°. 
The anisotropy energy is closely related to the generation of MAE as it determines 
the domain structure and hence the type of DW motion involved in the magnetization 
process. For example, in those materials with uniaxial anisotropy such as cobalt, technical 
magnetization is mainly brought about by the 180° DW motions, which cannot produce any 
detectable MAE [3；. 
It is believed that the DW should possess a certain amount of energy because of the 
exchange interaction between the adjacent spins within the wall, as well as the anisotropy 
energy associated with the wall. The wall energy per unit area y^ is found to be [21； 
Y^ = 4 / 4 Z erg.cm-1 (2.1.3) 
where A is the coefficient related to the exchange energy, and K is the anisotropy constant. 
Typical values of y^ of 180° DW are 1.8 erg/cm^ and 0.3 erg/cm^ for iron and nickel 
respectively [21]. It shows that the DW energy of iron is larger than that of nickel. 
Magnetostriction is the phenomenon of changes in the shape and dimensions of a 
ferromagnet when it is magnetized. It originates from the dipole-dipole interaction among 
the atomic magnetic moments. This interaction depends on the direction of magnetization 
and the strain state of the crystal. The magnetostriction of a cubic crystal is expressed as 
the strain dl/l which is given by [23] 
4 : + «2p2 + a'Ps - b + 3 久m(aia2PlP2 + + «3«lp3pl) 
/ Jf ^ 
(2.1.4) 
where a^, Pj are the directional cosines of the spontaneous magnetization and the direction 
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of observation respectively. >.,00 and 入⑴ are the magneto strict! ve constants which have the 
physical meanings of the total strain changes when the crystal is magnetized from the 
ideally demagnetized state to saturation along the [100] and [111] axes respectively. 
Assuming an isotropic magnetostriction, i . e . ,入� =入⑴ 二 入s�Eq. (2.1.4) can be 
simplified to [23: 
7 =臺 Vcos20 - 1 ) (2.1.5) 
where cosG = Za^ pj is the cosine of the angle between the directions of observation and 
magnetization. Note that Eq. (2.1.5) may be used with justification for polycrystals. 
Furthermore, the value of X^  usually varies with the magnitude of the applied field, for 
example, \ of polycrystalline iron changes gradually from a positive value to a negative 
value as the applied field increases. The values of Xjoo and ^m for nickel and iron are 
shown in Table 2.1. The typical values of which were found by fitting Eq. (2.1.5) to the 
results obtained in the measurement of hl/l as 9 was varied, are -34 x 10"^  and -7 x 10'^  for 
nickel and iron respectively [23]. 
The sum of the magnetocrystalline anisotropy, magnetostriction and elastic energies 
at the equilibrium strain state gives rise to the total anisotropy energy Ek which couples the 
strain state and the direction of magnetization by [23] 
Ek = (K^ + A 幻(a 乂 + a l a l + ccla]) (2丄6) 
2 2 2 2 2 2 
= 尤 ( ¥ 2 + ¥ 3 + agCCi) 
where Kj is the magnetocrystalline anisotropy constant of an unstrained crystal, and AK 
represents the anisotropy arising from magnetostriction. Typical values o f i � � , A^and their 
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sum K of iron and nickel are given in Table 2.1 [23]. It can be concluded that in both iron 
and nickel, the magnetocrystalline anisotropy is dominant over the magnetostrictive 
anisotropy. 
Table 2.1 Magnetostrictive and anisotropy constants of iron and nickel. 
^100 >^111 入 s Kj AK K 
X 10-6 X 104 X 104 
(erg/cc) (erg/cc) 
Iron 20.7 -21.2 -7 47.14 -0.14 +47 
Nickel -45.9 -24.3 -34 -6.01 +0.11 -5.9 
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2.2 Domains in Iron and Nickel 
In an iron crystal the three <100> axes are the easy directions of domain 
magnetization as the anisotropic constant K丨 is positive. In addition, closure domains are 
formed at the cube edges to give a more stable structure. These closure domains complete 
the magnetic flux path, avoid the occurrence of free poles at the cube faces and thus 
eliminate the extra energy owing to stray field. The schematic domain structure of iron is 
shown in Fig. 2.1. This domain configuration indicates the dominance of 180�and 9 0 � D W 
in the iron crystal. 
In nickel the four <111> axes are the easy directions. Therefore the possible angles 
between the adjacent domain magnetization are 180°, 109° and 71° as shown in Fig. 2.2. 
The coexistence of the 180°, 109�and 71° DW have been shown by Williams and Walker 
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Fig. 2.1 (a) Sketch of the domain structure in iron. 
(b) Schematic diagram of a 90�domain wall. 
[Oi l ] 
[111] 
^ ^ ^ 109� 
y [110] 
Fig. 2.2 Schematic diagram of the domain structure in nickel. 
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2.3 Magnetization Process 
When a ferromagnetic material is subjected to an applied magnetic field, the 
magnetization along the field direction increases. The mechanisms involved are DW motion, 
domain rotation and DW creation and annihilation. At a low or moderate field, 
magnetization is mainly brought about by the irreversible DW motion. At a high field when 
the DW motion nearly completes, reversible domain rotation becomes dominant [22]. 
Further increase in the applied field leads to the annihilation ofDW, resulting in a saturated 
state in which there is no DW. On the other hand, if the field applied to the saturated 
material is reduced, reverse domains will nucleate and grow, hence the total magnetization 
will decrease. 
The impedance to the DW motion mainly comes from the local inhomogeneous 
stress and the non-magnetic inclusions present. In the strain theory [24] the local 
inhomogeneous stress interacts with the magnetic moments via magnetostriction, giving rise 
to a local energy barrier to DW motion. Dislocations, which usually associate with stress 
fields as they distort the surrounding material, are the main sources of local stress. They pin 
the DW through the magnetoelastic coupling, and therefore the impedance to DW motion 
increases with increasing dislocation density. Furthermore, a domain may be subjected to 
stress because of the surrounding domains. When a ferromagnetic material is cooled down 
through the Curie temperature, the domains tend to deform in different directions because 
of magnetostriction. In the presence of neighbouring domains each domain cannot deform 
freely and therefore local stress is set up [24]. 
Non-magnetic inclusions, which are the regions with zero or different spontaneous 
magnetization from that of the surrounding material, are other possible pinning sites of DW. 
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DW tends to rest on the inclusions to reduce the total area of the wall and hence decrease 
the wall energy. In addition, impedance to DW motion also results from the distribution of 
free poles around inclusions that gives rise to a large magnetostatic energy. The attachment 
of a DW to an inclusion greatly reduces this magnetostatic energy, and hence a large energy 
barrier is set up to hinder the DW escaping from the inclusion [24]. The reverse spikes 
formed at an inclusion, for example, the Neel spikes found in iron and nickel crystal, can 
also impede DW motion [24]. Once the DW intersects the spikes, the spike structures 
expand into tubes when the DW moves away from the inclusion. Subsequent DW motion 
will increase the tube length and energy, and therefore the DW motion is retarded. After 
the tube is sketched to certain length, the DW breaks away, leaving again a spike structure 
at the inclusion. Then the DW moves freely under the action of the applied field until it hits 
another pinning site. Barkhausen noise or MAE signal will be emitted, depending on the 
type of DW motion involved in this process. 
Based on a simple pinning model，the pinned DW can be detached from a pinning 
site once the unpinning force due to the applied field balances the maximum pin restoring 
force F per pin which is given by [27: 
F = I M ^ p H o (2.3.1) 
where Ms is the saturation magnetization, Ap is the wall area associated with the pinning 
site and Hq is the coercivity. This result will be used in Sections 5.1.1 to explain the 
difference in the shape of the MAE profiles obtained from mild steel and nickel. 
Rotation of magnetic moments usually takes place at high applied field. When the 
torque exerted by the applied field overcomes the torque caused by the magnetic anisotropy, 
the magnetic moments will rotate from the easy directions to the field direction. This 
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process is reversible because these magnetic moments will rotate back to the original easy 
directions during demagnetization. 
The detailed theoretical study on the domain nucleation was carried out by 
Goodenough [35], who found that grain boundaries and lamellar precipitates were the most 
probable nucleation sites of reverse domains. This is due to the fact that the magnetic poles, 
which form at the grain boundary surface because of the discontinuity of the normal 
components of magnetization across the boundary, produce a large magnetostatic energy. 
This energy will be reduced if reverse domains exist to produce a distribution of poles of 
opposite sign. The field strength required for forming reverse domains at grain boundary 
is sensitive to the magnetic pole density co. An increase in co reduces the nucleation field 
strength, and hence favours the formation of reverse domains under an applied field. The 
magnetic pole density can be altered by grain orientation, magnetic annealing and the 
application of tensile or compressive stress. This argument will be adopted to explain the 
stress effect on domain nucleation and hence the stress dependence of MAE. 
The experimental evidence of domain nucleation was given by Bates and Martin 
36], who made observation of the domain pattern at the pits on the surface of a single 
crystal of 3% silicon iron. They found that the interaction between the moving 9 0 � D W s 
and inclusions was responsible for the nucleation of reverse domains. When the field 
applied to the saturated specimen is reduced, the single domain of the saturated crystal first 
breaks down at some surface pits with the formation of transverse spikes whose 
magnetization is perpendicular to that of the parent domain. These transverse spikes then 
expand, resulting in the formation of reverse domains and the associated DWs. On further 
reduction of the applied field, marked expansion of the transverse and reverse domains 
occurs at the knee of the magnetization curve. This results in a sudden release of the 
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trapped DWs，and hence produces significant strain changes that give rise to MAE. 
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2.4 Effect of Applied Stress 
When a magnetic material is subjected to an applied stress, the domain configuration 
will be altered as a result of the magnetoelastic interaction. Consequently the magnetization 
process and also the MAE generated are changed accordingly by the applied stress. 
For a cubic crystal, the strain produced by an applied stress a gives rise to the 
magnetoelastic energy £"脈 expressed as [23: 
3 2 2 2 2 2 2 
Eme =-力00a(aiYi + «272 + «3丫3) - 3入1110((^ 1(*2丫1丫2 + «20^ 3丫2丫3 + “？“山丫！） 
(2.4.1) 
where a^ and y� refer to the directional cosines of the magnetization and the applied stress 
respectively. In particular when the magnetostriction is isotropic, Eq. (2.4.1) reduces to 
E , = --Xocos^e (2.4.2) 
me 2 
where X^qq = A^m = is the saturation magnetostriction, and 0 is the angle between the 
direction of domain magnetization and the stress axis. 
Under an applied stress the domain magnetization will reorientate to minimize the 
magnetoelastic energy E^,. Hence the way in which the domain structure responses to the 
applied stress is determined by the sign of the product of \ and a. For example, a material 
with positive \ under tension should behave like one with negative \ under compression. 
Therefore, by Eq. (2.4.2) the effect of the applied stress on domain structure can be 
summarized as follow: 
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Case 1 When ^^a is positive,五邮 is minimum only, at 9 = 0 � . Therefore the domain 
vectors prefer to point in the stress direction. This is the case for iron under tension or 
nickel under compression. 
Case 2 When XsCr is negative，as it is for iron under compression or nickel under tension, 
Eme attains minimum only when 0 = 90°. As a result the domain vectors tend to align in the 
plane perpendicular to the stress axis. 
In particular the effect of stress on the domain structures of iron and nickel crystal 
is illustrated in Fig. 2.3 and Fig. 2.4 respectively [28]. For an iron crystal under tensile 
stress，X^G is positive and thus the domains lying along the stress axis expand at the expense 
of those perpendicular to stress axis. When the applied stress is large enough, only those 
domains along stress axis can exist, thus leaving the 180�walls. If now a magnetic field is 
applied along the stress axis, the crystal will be brought to saturation mainly by 180�DW 
motion. 
For nickel under tensile stress, X c^j is negative. The stress axis becomes a hard axis 
for domain magnetization and thus the domain vectors reorientate themselves into a plane 
perpendicular to the stress axis. If now a magnetic field is applied in the stress direction, 
the crystal will be magnetized mainly by the motion of non-ISO�DW. This model will be 
adopted in the analysis of the stress dependence of MAE. 
The effect of applied stress on the domain structure in Si-Fe was first observed by 
Dijkstra and Martius [39]. They found that without any applied stress, the domain 
magnetization on the (110) surface aligned along the [001] direction. Then the application 
of a tensile stress along [110] induced a new pattern in which the domain vectors pointing 
in [100] and [010], which were the easy directions closest to the stress direction. Later, 
Comer and Mason [37], who observed the domain pattern on a (001) surface of cubic 
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textured 3% Si-Fe, found that the application of a compressive stress of about 2kg/mm^ in 
the [110] direction caused the transition of domain pattern from a typical fir-tree structure 
to a zigzag structure with the zigzag wall running along the [100] direction, which was an 
easy axis making the largest angle with the stress direction in the (001) plane. Then they 
repeated the experiments on a gross textured Si-Fe [38], and they also found that the 
application of a tensile stress along [110] or a compressive stress along [001] changed the 
domain pattern on the (110) surface in the same way. All the above results provide strong 
evidence on the prediction of the reorientation of domain magnetization in iron under an 
applied stress. 
It should be mentioned the change in domain structure is not a continuous transition 
from the original pattern by gradual growth or shrinkage of domain as the stress is varied. 
Instead it involves the breakage of the original domain structure and the formation of new 
pattern which requires the nucleation of new domains. Martius et al [39] and Comer et al 
37] found that under a small compressive stress along the easy direction, the original 
domain pattern of the Si-Fe crystal was transformed into a new pattern. The transition stage 
took place when the applied stress was in the range of 10 MPa to 20 MPa. Further increase 
in applied stress brought about the stress induced domain pattern through the nucleation of 
domains at the grain boundary. They attributed this process to the stress concentration at 
the grain boundary that facilitated domain nucleation, and also to the reduction of magnetic 
energy as the spacing, which lay between the oppositely charged magnetic poles in 
neighbouring domains at the grain boundary, was reduced by domain nucleation. In 
addition，Martius et al [39] realized that the DW spacing in the stress induced domain 
pattern could be reduced by increasing the tensile stress a. They explained the results by 
minimizing the sum of magnetostatic, DW energy and the magnetoelastic energy with 
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respect to DW spacing, and they found that in the stress induced pattern the spacing is 
inversely proportional to (a + 办(T广，wher a and 办 are constants depending on the domain 
dimensions, the magnetostriction and the magnetic properties of the material. The above 
result shows that the effect of applied stress on the domain size should be taken into 
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Fig. 2.3 Diagram illustrates the effect of tensile stress a on the domain 
structure in iron (with positive X^qqG) for 
(a) a = 0, 
(b) small a, and 
(c) large a. 
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Fig. 2.4 Diagram illustrates the effect of tensile stress a on the domain 
structure in nickel (with negative X^^^g) for 
(a) C7 二 0， 
(b) small a , and 




In this chapter different models describing the phenomena of MAE are outlined. 
Based on these models we have attempted to establish a new model which explicitly states 
the dependence of MAE on the frequency of magnetizing field. The calculations of the 
magnetic induction B inside a specimen under an applied field by considering the magnetic 
circuit and the effect of the eddy current shielding are also presented. 
3.1 Models of MAE 
3.1.1 Discontinuous Wall Motion 
Based on the conventional domain theory the following physical picture of MAE 
generation is proposed. In a multidomain specimen, the anisotropy and magnetostatic energy 
determine the overall domain structure, in which the domains are strained owing to 
magnetostriction. When a magnetic field is applied to the specimen, its magnetization 
changes as a result of the motion of both the 180° and non-180�DWs. The corresponding 
changes in magnetostrictive strain tend to build up stress fields in the domains. Energy is 
then released by either elongating or contracting the lattice in the direction of 
magnetization, depending on the magnetostrictive properties of the material. Such relaxation 
is accompanied by the propagation of acoustic waves away from the strained region 
affected by the applied field. Since the magnetostrictive strain is unchanged when the 
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direction of magnetization is reversed, the 1 8 0 � D W motion does not contribute to any 
MAE. Therefore, the MAE signal largely depends on the non-180�DW motion. 
Kusanagi, Kimura and Sasaki [3] agreed that MAE is due to the discontinuous DW 
motion which in turn gives rise to changes in the elastic energy. They proposed that the rms 
value of MAE within a period of time x is given by 
(M4£)隱 c c l r c 1 f TrJ^nmdt (3.1.1) 
t T dt 
where, is the mean elastic energy change and n(H)dH is the number of elastic energy 
emission sites during a change of magnetic field strength from H to H + dH. 
Based on considering the change in elastic energy when a DW moves from one 
domain whose direction of magnetization is (0Ci，a2,a3) to another one whose direction of 
magnetization is (Pi，p2,p3)，the expression for AE i^ is derived (up to the first order of the 
magnetostrictive constants) to be 
^Eei = {寻入looaE (Pf - + 1^100(^ 11 - (Pf -
I 1 = 1 丄 z=l 




cj and (丫1，丫2，丫3) are respectively the magnitude and the direction of the applied or 
residual stress, 
C „ � C i 2 and C44 are the elastic constants of the crystal, 
ei.. are the internal strains responsible for the reversible DW motions under a weak 
applied magnetic field, and 
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A 厂 is the volume swept by the moving DW. 
Kusanagi et al pointed out that the abrupt and discontinuous motion of the non-180° 
DWs，which occurs during the unpinning of DW, is necessary for the emission of elastic 
energies which are being detected as acoustic signals. Also it should be mentioned that the 
number of elastic energy emission sites n(H) varies with the amplitude of applied field H’ 
since the DW can be detached from the pinning sites and move about only when the 
applied field is high enough to provide the required unpinning force. 
The above model implies the following features of MAE: 
(a) The motion of non-180° DW is the most probable source of MAE since the 
corresponding AE i^ is non-zero. On the other hand, the 180° DW motion does not 
contribute to MAE as the change in magnetostrictive strain and the corresponding 
are zero. This is supported by the fact that little or no MAE arises from cobalt 
which contains mainly 180° DWs because of the uniaxial anisotropy along the c-axis 
[3]. 
(b) The magnetostrictive constants Xjoo and 入川 are important factors determining the 
MAE signal since b^^i is proportional to them. In a specimen with a larger 
magnetostriction in magnitude, a greater change in magnetostrictive strain occurs 
during the non-ISO�DW motion and thus more elastic energy will be emitted. This 
gives rise to stronger MAE signals. Ono, Shibata and Kwan [40] reported the MAE 
measurements on a variety of materials with identical geometry, finding that nickel 
which had the highest magnetostrictive constant (34 x 1 0 , gave the largest MAE 
signals, while an iron-nickel alloy (31% Ni), which had nearly zero 
magnetostriction, showed no MAE [40]. 
(c) The MAE signal should depend on the number of elastic energy emission sites 
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which are indeed the pinning sites for the 90° . DW motion. Therefore n(H) and 
hence the MAE signal are sensitive to the specimen microstructure such as impurity 
concentration, inclusion distribution and dislocation density, 
(d) As shown in Eq. (3.1.1)，the amplitude of MAE signal is proportional to the 
emission rate of elastic energy n(H)dH/dt. For a specimen with a specified 
microstructure, n(H) is fixed so that the MAE signal is proportional to the rate of 
change of the applied field dH/dt, This dependence has been studied in details in our 
experimental work reported in Section 5.2. 
3.1.2 Displacement Model 
Ono and Shibata [4] also proposed a model of MAE generation as follows. During 
the process of magnetization the discontinuous DW motion through a volume A K produces 
a difference in magnetostrictive strains between two adjacent domains. Such an abrupt 
imposition of the inelastic strain generates stress waves, which can be detected as MAE. 
If the magnitude and direction of the DW motion can be described by an inelastic strain 
tensor Asy within the volume AF, then the amplitude of MAE signal detected is given by 
Vp = CAeAK/T (3.1.3) 
where 
C is a constant, 
X is the risetime of As, and 
As is the largest normal component of As^ j (ignoring the directionality of Ae j^). 
From this model it can be concluded that 
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(a) the motion of 180° DW does not give rise to MAE since within AV the magnitude 
and the direction of the magnetostriction do not change. Therefore Ae and hence V^  
are zero. 
(b) the motion of 9 0 � D W produces abrupt generation of inelastic strain and hence MAE 
signal. 
(c) the MAE signal for the 90° DW motion is proportional to which is the 
magnetostriction constant along an easy axis. It is because when the 9 0 � D W moves 
through a volume AF, the strain in AF rotates by 90。，thus giving rise to a change 
in magnetostrictive strain As which is proportional to 
(d) MAE is proportional to AF/r which is equal to the product of the DW velocity and 
the wall area. This implies a linear dependence of MAE on the rate of change of the 
applied field dH/dt. It is because the displacement of DW motion after unpinning 
depends on both the local field strength and the spacing between pinning sites [7]. 
As the local field strength is proportional to the applied field H, the DW velocity, 
which is equal to the time derivative of the wall displacement, is proportional to 
dH/dt. 
Later Kwan, Ono and Shibata [9,10] elaborated this model by postulating two types 
of MAE. Type I MAE is caused by the motion of non-180° DW, while type II comprises 
the sudden rotation or annihilation of small domains associated with closure domains and 
Neel spikes at non-magnetic inclusions, dislocations and grain boundaries. 
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3.1.3 DW Creation and Annihilation 
In some MAE studies, it has been found that DW creation and annihilation are also 
responsible for the acoustic emissions. It was first mentioned by Buttle [15] in explaining 
the shapes of MAE and MBE profiles obtained from ferrite. Later Kim and Kim [5] 
obtained a two-peak MAE profile from a 3% Si-Fe single crystal. They associated one peak 
with the release of strains during DW nucleation, and the other one with the strains released 
during annihilation. They also found that the released strains depended on the 
magnetostriction, domain size and the width of DW. The agreement between the calculated 
values and the experimental results ftirther supported their proposition of the contribution 
of DW creation and annihilation to MAE. 
Guyot and Cagan, who studied the MAE signal from the ferrimagnetic YIG 
specimens, believed that the DW creation and annihilation were the only sources of MAE 
[6,41]- From the MAE profiles and the hysteresis loops of the samples, they found that 
most of the MAE activities occurred at the knee of the B-H loop at which wall creation and 
annihilation are the dominant DW processes. They also showed that the MAE signal was 
proportional to hysteresis loss; therefore, they intended to attribute MAE to the missing step 
of the conversion of the magnetic energy to heat during the hysteresis cycle. To account for 
the generation of acoustic signals during DW creation and annihilation, they suggested two 
possible sources of the emitted energy, namely the magnetoelastic energy stored inside a 
DW, and the energy arising from the direct interaction between the DW and the lattice 
through magnetoelastic coupling. 
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3.1.4 Combined Model of MAE 
Based on the above models we will relate MAE generation to the DW creation, 
motion and annihilation. We first consider the contribution of DW motion to MAE. From 
Eq. (3.1.1) it can be shown that the output MAE signal V^ is proportional to the rate of 
change of applied field dH/dt, since within a short period of time a larger dH/dt results in 
an increase in the number of DWs unpinning and therefore more acoustic signals will be 
emitted. Also in the displacement model, Eq. (3.1.3) implies a linear dependence of F^on 
the DW velocity and hence the rate of change of applied field dH/dt. Therefore V^ can be 
written in terms of the maximum magnetic induction B腿 as 
^M = C^Yt = CmB腿f (3.1.4) 
Here dB/dt has been replaced by B聽 times the frequency / because the applied field is 
produced by a c-core magnet driven by a voltage supply of triangular waveform (i.e. the 
magnitude of the applied field increases or decreases linearly with time over half of the 
magnetization cycle). The proportional constant C^ depends on the average change of 
elastic strain during wall motion, the residual or applied stress present, the performance of 
instruments and the specimen microstructure such as the density of pinning sites [3,4]. 
The theoretical study of the frequency dependence of the number of events of DW 
creation and annihilation was carried out by Haller and Kramer [30]. They proposed a 
model to estimate the number of DW based on the assumption that the energy dissipated 
during the hysteresis cycle is due to eddy currents and DW creation-annihilation dissipation. 
By minimizing the total energy dissipation during the magnetization cycle with respect to 
the number of nucleated DW, they found that the total number of DW, varies with 
J 
maximum magnetic induction B _ and frequency / a s [30] 
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^w = kB 祖{f (3.1.5) 
where ^ is a constant dependent on the specimen dimensions, resistivity of the materials, 
as well as the energy dissipation per unit area during the DW creation and annihilation. 
In addition, they measured the dynamic domain width in Si-Fe alloy within the 
frequency range 20Hz to lOOHz. The DW number was found to be proportional to the 
product o f / " and B— w h e n / w a s above a threshold frequency and B 脆 was above a 
threshold field amplitude [31]. This experimental result was in close agreement with their 
theoretical prediction. 
Assuming that acoustic pulses are generated by the stress waves emitted during the 
DW creation and annihilation, the corresponding MAE signal will depend on B腿 and 
/ a s 
C^A = C d i f (3.1.6) 
in which the proportional constant Q^ is determined to by the domain dimensions, the 
changes in strain during DW creation and annihilation, the characteristics of instruments, 
and the material properties such as resistivity and spontaneous magnetization. 
The total MAE signal V given out can now be obtained by combining V^ and Vca 
as follows 
K = -忍max K , + Clj (3.1•乃 
Nevertheless, this expression cannot give the correct description of our experimental results 
as the detected MAE signal also depends on the volume of the specimen from which MAE 
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is generated, as well as the reluctance of the magnetic circuit formed by the c-core magnet 
and the specimen. Therefore a better theoretical prediction can be made only if these two 
factors are also taken into account in our model. 
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3.2 MAE and Magnetic Induction 
The problem of field penetration inside the specimen need considerable investigation 
since the MAE signal depends on both the rate of change of magnetostrictive strains and 
the volume of the sample being swept. The former is proportional to the rate of change of 
magnetic induction B inside the specimen, while the latter is determined by the distribution 
of B inside the specimen. For a typical configuration of an electromagnet placed on a 
ferromagnetic sample as shown in Fig. 3.1 (a), the distribution of the B field inside the 
sample can be found by solving Possion's equation with a given current density of the field 
source, over a finite region of the sample with an appropriate set of boundary conditions. 
Usually numerical techniques, such as the finite element method, are adopted in the 
calculation. 
In the present study the problem of the distribution of the B field inside the 
specimen is analysed with a simplified model, which takes account of the exponential decay 
of field amplitude inside the sample because of the eddy current shielding, and the magnetic 
reluctance of the magnetic circuit that determines the amount of magnetic flux penetrating 
into the sample. 
3.2.1 Eddy Current Shielding 
When a time-varying magnetic field is applied to a ferromagnetic conductor, the 
induced eddy currents flow inside the sample in a sense that they tend to oppose the 
incoming field. Therefore the field amplitude B(x) decays exponentially with the distance 
X below the sample surface as [26. 
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B(x) = Boe 飞 (3.2.1) 
where B � i s the field at the specimen surface. The field penetration inside the sample with 
permeability |i and resistivity p is thus determined by the skin depth which is given by [26] 
6 = _ £ _ (3.2.2) 
N 叩 / 
where f is the frequency of the applied field. 
3.2.2 Magnetic Reluctance Calculation 
Referring to Fig. 3.1 (b)，the electromagnet of A^  turns carrying a current /produces 
magnetic flux O which can be written as [29' 
^ = E l (3.2.3) 
R 
in which R is the reluctance of the magnetic circuit given by 
R = Jn- + + + i (3.2.4) 
^ ^ A M s ^s^s 
where /，/x, and A are the length of the flux path, permeability and cross-sectional area of 
different sections of the magnetic circuit in series. The subscripts m, a and s respectively 
refer to the magnet, the spacer and the region of the specimen being magnetized [29]. 1� i s 
the mean penetration depth of the applied field which depends on the sample thickness and 
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the field frequency. The values of /,/x and ^ of the magnet and the spacer can be measured 
directly，and they should be independent of the field frequency and the magnetic properties 
of the sample. 
The average magnetic induction B inside the sample can then be expressed as 
B = J I (3丄5) 
S 
where A^ is the cross-sectional area through which the magnetic flux flows inside the 
specimen. However the above consideration is only suitable to steady field problems since 
in that case the magnetic induction B distributes uniformly inside the specimen, and hence 
A^  can be found easily by measuring the cross-sectional area of the sample. 
In the case of a time-varying applied field, the magnetic induction inside the 
specimen decays with the distance below the sample surface so that the area A^  cannot be 
clearly defined. In order to have a better estimation of A ,^ the above picture of field 
penetration is replaced by another one in which a uniform magnetic induction B^ is present 
inside the specimen down to a mean penetration depth p, as shown in Fig. 3.1 (c). Then 
the magnetic flux inside the sample is assumed to flow across an effective area A^ ^ which 
is the product of p and the lateral extent u of the field dispersion. If the magnetic induction 
at the surface of the specimen is Bq, the total magnetic flux Oq flowing through the sample 
is given by 
h £ _h 
^o = ^f Boe'~'dx = ubB^il - e (3丄6) 
0 
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where h is the sample thickness. Therefore the mean penetration depth p and the effective 
cross-sectional area of the sample are given by 
p = 6 (1 - e ' ^ ) (3.2-7) 
and 
h 
A^ ^ = « 6 ( 1 - (3丄8) 
respectively. Now the average magnetic induction B^ can be calculated by 
NT 
B^ = — (3.2.9) 
es 
where R is given by Eq. (3.2.4) in which A^ and 1。are now replaced by 人 and p 
respectively. 
It follows that B^ depends on a variety of parameters such as the applied field 
frequency /，the spacer thickness 4 and the specimen thickness h. This expression for the 
average magnetic induction B^ will be used to explain the experimental results of MAE 
measurements with the above parameters being varied. 
Based on the above results, we are ready to derive the expression for the dependence 
of detected MAE signal V匪 on the field frequency / Because of the eddy current 
shielding, substantial B field can only be found within the skin depth 5 which is given by 
Eq. (3.2.2). As the detected MAE signal is proportional to the volume of specimen from 
which the signal is emitted, by Eq. (3.1.7) and Eq. (3.2.2), the total MAE signal V廳 
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detected will depend o n / a n d B随 in the following way: 
- 召 腿 J i (C^/ + CL) (3.2.10) 
N M•冗 
For a fixed magnetomotive force NI, the maximum magnetic induction B腿 in Eq. (3.2.10) 
is replaced by the average induction B^ given by Eq. (3.2.9) to take account of the 
reluctance of the magnetic circuit. Therefore the theoretical expression for V麗 is expressed 
as 
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The choice of a suitable experimental arrangement for measuring MAE is important 
to the development of MAE as a convenient, flexible NDT technique for industrial 
applications. In order to magnetize the sample under test, both an air-core coil and a c-core 
electromagnet can be used, and each of them has its own advantages. Using an air-core coil 
the sample placed inside the solenoid can be magnetized as a whole. This ensures a uniform 
field in the sample, and good isolation from the magnetizing coil that prevents any thermal 
effect or vibrational noise of the coil from being imposed on the sample. An alternative is 
to use a small c-core electromagnet as shown in Fig. 4.1. This arrangement can be applied 
to large specimens, especially when only one side is accessible. It also offers great 
flexibility as the portable magnet can be placed on any part of the bulky sample in any 
direction. Therefore, the local characteristics of the sample can also be investigated as well. 
In the case of metallic sample, the magnetic field is mainly confined in the region of the 
specimen just beneath the magnet, thus resulting in a local source of MAE. Therefore by 
MAE measurement it is possible to have an examination of a small portion of the bulky 
specimen such as stress distribution or thickness assessment. This advantage over the air-
core coil arrangement makes the use of c-core electromagnet more suitable for industrial 
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applications such as quality control of metallic components, defects detection or on-site 
stress evaluation. 
The MAE signal generated from the specimen can be conveniently picked up by a 
piezoelectric transducer and amplified by a pre-amplifier and then a signal amplifier. The 
signal pulses can be processed for further analysis by two common approaches. The first 
one is to obtain the number of MAE events as a function of the applied field. This reveals 
the distribution of MAE events over the hysteresis loop. Another method is to measure the 
mean MAE signal amplitude as a function of the applied field over half a hysteresis cycle. 
Then the MAE profile obtained is characterized by the peak heights. We took the second 
approach to process the detected signals in all the experimental studies. 
Nevertheless, the use of c-core magnet posed some problems on MAE detection. The 
direct contact of the magnet and the specimen usually gave rise to large electrical noises 
which were picked up by the transducer. This greatly reduced the signal-to-noise ratio. The 
situation was improved by inserting a non-magnetic, insulating spacer between the c-core 
magnet and the specimen. The spacer provides electrical isolation between the magnet and 
the specimen, and also absorbs some of the mechanical vibrations of the magnet [2]. 
However, the presence of a non-magnetic spacer breaks the magnetic path composed of the 
magnet and the specimen, thus introducing a large demagnetizing field and a stray field to 
the magnetic circuit [29]. This problem of the magnet-specimen coupling was investigated 
in the experiment which is discussed in Section 4.2.1.1. 
4.1.2 Basic Setup 
The basic experimental setup used for MAE study is shown in Fig. 4.1. It mainly 








































































































































processing unit. The magnetic field generation unit includes a fiinction generator (Philips 
PM 5135), a dc-coupled power amplifier and a c-core electromagnet. The ftmction generator 
is used to produce a triangular waveform of frequency ranging from 0.5Hz to 160Hz for 
the experiments. The waveform, amplified by the dc-coupled power amplifier, is to drive 
a c-core magnet to magnetize the specimen. The voltage gain of the power amplifier can 
be continuously varied up to 33dB, with the maximum voltage and current outputs limited 
by ±30V and 土5A respectively. Three c-core electromagnets with different sizes and 
strengths are prepared for the experiments on specimens with various dimensions. Their 
specifications are tabulated in Table 4.1. The field strength of each magnet is calibrated by 
measuring the current flowing through the magnet, and the corresponding fields generated 
just beneath the pole pieces by using a digital gaussmeter (Model 9200，F.W. Bell). Then 
the amplitude of the applied field can be measured by monitoring the current flowing 
through a O.IQ resistor connected in series with the electromagnet. In practice, it takes 
about three minutes to make a single run of MAE measurement. The Joule heating in the 
magnet and resistor can cause a drop in the current. However, within such a short period 
the reduction in current is less than 0.5%, which is insignificant. A non-magnetic, insulating 
spacer is inserted between the c-core magnet and the specimen to isolate the electrical and 
mechanical noises. 
The MAE signal is then picked up by a piezoelectric transducer which is bonded to 
the specimen surface with coupling grease. The performance of the detection unit heavily 
depends on the choice of a suitable transducer. It is found that a 2.25MHz transducer 
(V306, Panametrics, Inc.) gives the largest signal-to-noise ratio for the present study. Its 
diameter is 13mm，which was comparable to the widths of most of our specimens. This 
helps to average out the spatial variation of the acoustic signals propagating in the 
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specimen. 
The acoustic signals picked up by the transducer induce charge pulses at its output 
as a consequence of the piezoelectric effect. Then the signal is fed into a pre-amplifier 
(Model 2006，Canberra Industries, Inc.) which converts the charge pulses to voltage pulses 
whose magnitudes are proportional to the charge inputs. The conversion factor is set at 
235mV/M ion-pair. Such a high-scale factor is found useful for the best signal-to-noise ratio 
in the MAE experiments which usually involved low energy signal sources. Other audio 
noise is then removed by a high-pass filter with cut-off frequency set at 30kHz. The signal 
is further amplified by a spectroscopy amplifier (Model 2010, Canberra Industries, Inc.) 
with the pulse-shaping time constant and the overall gain set at 5 jisec and 1000 
respectively. This setting ensures the proper shaping of the signal pulses to give optimum 
signal-to-noise ratio and provides a high resolution of the signal pulses. After rectification, 
the train of signal pulses is filtered by a band-pass filter (30kHz to 300kHz) to further 
increase the signal-to-noise ratio. MAE profiles are obtained by enveloping the pulse train 
with a low-pass filter of adjustable lower cut-off frequency (20, 30，50 and 143Hz). The 
profiles are then acquired and stored in a digitizing oscilloscope (TDS 460, Tektronix) 
which averages the incoming signals of 25 acquisitions to give a final waveform of the 
MAE signal as a function of the applied field. This averaging process helps to remove the 
random noise and hence improves the signal-to-noise ratio. The MAE profile thus obtained 
is characterized by the peak heights which can be measured directly. The oscilloscope is 
interfaced to a computer via IEEE-488 interfacing board so that the stored MAE profiles 
could be loaded into the computer for data storage and tether analysis. 
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Table 4.1 Specifications of the c-core electromagnets used in MAE studies. 
Electro- Mean length of Pole pieces Number of Resistance Field strength 
magnet magnetic path, area, A^ turns, N 
I 
m 
(mm) (mm2) (Q) (kAm-VAmp) 
Ml 90 180.0 200 1.33 13.28 
M2 48 108.8 200 0.69 7.64 
M3 93 196.6 400 1.72 14.96 
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4.1.3 Arrangement for Stress Measurement 
A rig shown in Fig. 4.2 was built in order to apply uniaxial or biaxial stresses to the 
specimen under MAE measurement. It consists of four independent pin-hole joints mounted 
on a rigid square base. The pin-hole joints are aligned in two perpendicular directions so 
that biaxial stresses of various components can be applied to the specimen loaded at the 
centre. Both tensile and compressive stresses can be generated. Each pin-hole joint is 
supported by a rectangular slab of adjustable height. This helps to level the pin-hole joints 
so that the applied stress is in the specimen plane, and therefore avoids any possible 
twisting or bending of the specimen. The length of the specimens that can be 
accommodated by this rig ranges from 16 cm to 25 cm. 
The strain of the stressed specimen is measured by precision strain gauge mounted 
on its surface. For uniaxial stress measurements the general purpose constantan-alloy gauges 
(EA-06-125BT-120, Micro-Measurements Division) are used, while for biaxial stresses 
study the stacked rosette strain gauges (WA-06-120WT-120, Micro-Measurements Division) 
are adopted. The gauge factors are respectively 2.105 and 2.08，and the gauge resistance 
is 120Q. The surface of the specimen is first ground and then cleaned with acetone to 
ensure a flat, smooth and dirt-free finish. The gauges are then bonded to both the upper and 
lower specimen surfaces using the M-Bond 200 adhesive (Micro-Measurements Division) 
which provides reliable bond strength. The strain gauges are connected to the Sovereign 
Digital Strain Indicator which directly gives the strain reading with a resolution of 1 ^s 
(microstrain). This reading corresponds to an average strain over a small area at the centre 
of the specimen. By comparing the strain readings on the two sides we can monitor whether 
the applied stress is uniform. The stress applied to the specimen can be calculated from the 
strain reading and the Young's，modulus E of the specimen, which is first determined by 
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studying the stress-strain relation with a calibrated Instron loading machine (Model 1026). 
4.1.4. Specimen Preparation 
All the experimental studies were made on polycrystalline nickel and mild steel 
specimens. The specimens for studying the fundamentals of MAE were in form of 
rectangular bars whose dimensions are summarized in Table 4.2. The pure nickel specimens 
were cut from two square plates (from Johnson Matthey Company and Inco Alloys 
International). The mild steel specimens were prepared from a commercial, low-carbon 
content (<0.2%) mild steel block. The Vickers micro-hardnesses and grain sizes of some 
of the specimens were measured and are listed in Table 4.3. 
The specimens for uniaxial stress study were in form of straight bars as shown in 
Fig. 4.3 (a). For each kind of material two straight bars were prepared, one for compression 
and the other one for tensile stress study. For biaxial stresses study the specimen was in 
from of a cross with the dimensions shown in Fig. 4.3 (b). All the bars or crosses were 
filleted to provide stress concentration. Before the experiments all these specimens were 
first fully annealed under the annealing profile shown in Fig. 4.4 to remove any residual 
stress present. 
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List of nickel and mild steel specimens used in MAE studies. 
Specimen Dimensions Used in the experimental study 
on the 
Nickel 
N l 101.6mm x 27.0mm x 6.5mm effect of demagnetizing and stray 
fields on MAE 
N2 73.8mm x 26.5mm x 6.4mm (i) effect of demagnetizing and 
stray fields on MAE 
(ii) dependence of MAE on the 
frequency of applied field 
N3 Refer to Fig. 4.3 (a) effect of uniaxial tensile stress on 
MAE 
N4 Refer to Fig. 4.3 (a) effect of uniaxial compressive 
stress on MAE 
N5 Refer to Fig. 4.3 (b) effect of biaxial stresses on MAE 
Mi ld steel 
MSI 250.0mm x 100.0mm x 2.55mm dependence of MAE on the 
specimen thickness and width 
MS2 250.0mm x 100.0mm x 3.55mm 
MS3 250.0mm x 100.0mm x 5.98mm 
MS4 250.0mm x 100.0mm x 9.75mm 
MS5 250.0mm x 100.0mm x 14.75mm 
MS6 250.0mm x 100.0mm x 20.30mm 
MS7 250.0mm x 100.0mm x 24.90mm 
MS8 250.0mm x 100.0mm x 30.05mm 
MS9 250.0mm x 100.0mm x 40.15mm 
MSIO 250.0mm x IQO.Omm x 50.25mm 
MS 11 Refer to Fig. 4.3 (a) (i) effect of uniaxial tensile 
stress on MAE 
(ii) dependence of MAE on the 
frequency of applied field 
MS 12 Refer to Fig. 4.3 (a) effect of uniaxial compressive 
stress on MAE 
MS 13 Refer to Fig. 4.3 (b) effect of biaxial stresses on MAE 
MS14 90.1mm x 36.0mm x 5.9mm detection of defects by MAE 
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Table 4.3 Vickers micro-hardness and grain size of some of the nickel and mild steel 
specimens used in MAE studies. 
Specimen Vickers micro-hardness Grain size ( j L i m ) 
N2 
As-received 252 ± 6 49 
Annealed 94 ± 2 73 
N3 “ 
As-received 109 土 4 53 
Annealed 98 士 4 87 
N5 
Annealed 86 士 3 95 
M i l 
As-received 197 ± 11 29 
Annealed 105 土 5 53 
M13 
Annealed 120 土 4 61 
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Fig. 4.3 (a) Bar specimen used in uniaxial stress study. 






































































































In this project several experimental studies of MAE have been carried out that focus 
on two different aspects, namely the consolidation of the fundamental theory of MAE, and 
the application of MAE as an NDT technique for materials evaluation. 
4.2.1 The Fundamental Study of MAE 
As mentioned in Chapter 1, MAE is found to depend on various factors such as 
magnitude and frequency of the applied field, magnetic properties and the microstructure 
of the specimen. In this project experimental studies have been performed to investigate 
(a) the effects of demagnetizing and stray fields on MAE, 
(b) the dependence of MAE on frequency of the magnetizing field, and 
(c) the dependence of MAE on specimen dimensions. 
4.2.1.1 Effects of Demagnetizing and Stray Fields on MAE 
MAE measurements were carried out on the nickel specimen (N l ) and the mild steel 
bar ( M S l l ) , whose dimensions were 101.6mm by 27.0mm by 6.5mm, and 190.0mm by 
20.1mm by 5.8mm respectively. 1 Hz magnetizing fields of amplitudes about 38kAm] and 
22kAm] were generated by the c-core magnets ( M l for nickel and M2 for mild steel 
specimen, see Table 4.1) placed on the nickel and mild steel specimens respectively, and 
were separated from the specimen surfaces by insulating, non-magnetic spacers. MAE 
measurements were made with the spacer thickness 4 ranging from 0.05mm to 1.55mm for 
nickel, and from 0.12mm to 0.63mm for the mild steel specimen. The measurements on 
mild steel started with a thicker spacer (0.12mm) which was required to obtain a profile 
with reasonably high signal-to-noise ratio. The MAE profiles were captured and stored in 
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the digitizing oscilloscope, and then they were loaded into the computer for further analysis. 
In order to confirm the experimental results from the nickel specimen, the same 
experiment was performed on another nickel specimen (N2) of dimensions 73.8mm by 
26.5mm by 6.4mm. Then the specimen was fully annealed under the annealing profile as 
shown in Fig. 4.4，and the experiment was repeated. The results obtained before and after 
annealing were compared to investigate the effect of microstructural variations on MAE 
from nickel. 
In most M A E studies, the signal is characterized by the peak heights that can be 
measured directly from the MAE profile. However these values do not represent the true 
M A E signal emitted from the specimen as the measured values incorporate both the true 
M A E signal and noise. The random noise, which is introduced to the detected system 
mainly through the ground loop and the electronic components used for signal processing, 
gives rise to a nearly constant voltage level V„ in the MAE profile after averaging. Now the 
true M A E signal V匪 can be calculated from the measured value by [34: 
V = Jv" - V^ (4.2.1) 
^MAE N Yntea ^n 
The noise level V„ can be found by measuring the minimum level of the MAE profile 
which always occurs when the specimen is magnetized to saturation. This is due to the fact 
that when the specimen is completely magnetized, no MAE is given out and hence the 
corresponding output signal level of the profile is actually the noise level 
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4.2.1.2 Dependence of MAE on Frequency of Applied Field 
The dependence of MAE on the frequency of applied field was investigated on both 
the nickel and mild steel specimens. The nickel specimen (N2) was in form of a rectangular 
bar of dimensions 73.8mm by 26.5mm by 6.4mm, while the shape and dimensions of the 
mild steel bar ( M S l l ) are shown in Fig. 4.3(a). The basic experimental setup had been 
described in Section 4.1.2. Non-magnetic spacers of 0.05mm and 0.18mm thick were best 
for nickel and iron specimens respectively since they helped to reduce the acoustic and 
electrical noises, and maintained a sufficiently large signal-to-noise ratio. During the MAE 
measurements, the c-core magnets ( M l and M2) producing ac magnetizing fields of 
amplitudes fixed at 43kAm'^ and 25kAm"^ were respectively placed on the nickel and mild 
steel specimen surfaces, and the field frequency /was varied from IHz to 140Hz for nickel, 
and from 0.5Hz to 60Hz for the mild steel specimen. The maximum field frequency used 
was limited owing to the distortion of the applied field waveform by the large inductive 
loading of the specimens. Also the rigorous mechanical vibration of the c-core magnet due 
to the magnetostrictive effect, and the Joule heating of the magnet made the high-frequency 
measurements unfavourable. The acoustic pulses picked up were then filtered, amplified and 
rectified. The MAE profiles were stored for further analysis. 
The experiments were first carried out on the as-received nickel and mild steel 
specimens. Then the specimens were annealed under the annealing profile shown in Fig.4.4. 
MAE measurements were repeated on the annealed specimens in order to investigate into 
the effect of heat treatment on the frequency dependence of MAE. 
4.2.1.3 Dependence of MAE on Specimen Thickness and Width 
MAE measurements were made on ten mild steel bars (MSI to MS 10) which were 
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cut from the same low-carbon content steel block. The dimensions of the steel bars were 
25.0cm by 10.0cm by h, where h was the specimen thickness ranging from 2.55mm to 
50.25mm. The c-core magnet (M3) producing a 1 Hz magnetizing field of amplitude 
56kAm-i was placed on the top surface of the specimen as shown in Fig. 4.5 (a). A non-
magnetic spacer of 0.18mm thick was inserted between the magnet and the specimen for 
isolation. M A E measurements were carried out on each bar, and the mean peak height of 
the M A E profile was plotted as a function of the specimen thickness. 
The dependence of MAE on specimen width w was studied by repeating the 
measurements with the same magnet placed on the side-surface of the bars as shown in 
Fig. 4.5 (b). Specimens of width ranging from 14.75mm to 50.25mm had been used. Note 
that the specimen thickness was now fixed at 100mm, which was much greater than those 
in the MAE-thickness experiment. Hence the B field inside the specimen was much smaller, 
resulting in a weaker MAE signal. Therefore this time a 1 Hz magnetizing field of larger 
amplitude, 64kAm'^, was applied to the specimens in order to obtain a reasonably high 
signal-to-noise ratio. Again the mean MAE peak height for each bar was measured and 
plotted as a function of the specimen width. 
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Fig. 4.5 Experimental setup for MAE measurements from 
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(b) the side surface of the mild steel bar. 
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4.2.2 Stress Measurement 
4.2.2.1 Effect of Uniaxial Stress on MAE 
The uniaxial and biaxial stresses studies were carried out on both the mild steel 
specimens (MSI 1，MS12 and MS13) and the nickel specimens (N3, N4 and N5). The shape 
and dimensions of the specimens for uniaxial and biaxial stresses studies are shown in 
Fig.4.3(a) and (b) respectively. In the uniaxial stress study, the specimen with strain gauges 
bonded to both the upper and lower surfaces, was fitted to the pin-hole joints of the rig. 
Before making any M A E measurement, a small tensile or compressive stress was applied 
to the specimen and the corresponding strain readings from the upper and lower surfaces 
were compared to check the alignment of the specimen and the pin-hole joints. Then the 
strain was increased in steps of about 20 jas (microstrain). The corresponding applied stress 
was calculated from the strain reading. The maximum tensile and compressive stresses 
applied were 136MPa and lOOMPa for mild steel, and 72MPa and 95MPa for nickel. The 
tensile stress was large enough to bring about the yielding of the nickel specimen but not 
the mi ld steel specimen. 1 Hz triangular fields of amplitudes about 20kAm] and 38kAm'^ 
produced by the c-core magnets ( M l and M2), were applied respectively to the mild steel 
and nickel bars along the stress direction. MAE measurements were made several times at 
each stress level. This ensured that the coupling between the transducer and the specimen 
remained the same after a change in the strain state of the specimen. 
4.2.2.2 Effect of Biaxial Stresses on MAE 
In the biaxial stresses study, the MAE signals were measured as a function of the 
strain components, s, and Sy，by the application of tensile or compressive stresses in two 
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% 
orthogonal directions as shown in Fig. 4.6. There were altogether four possible 
combinations of these stress components, namely tension-tension, tension-compression, 
compression-tension and compression-compression. The strains were measured by the 
rosette strain gauges mounted on both the upper and lower surfaces of the specimen. During 
the M A E measurements on mild steel, the strain in one direction was kept constant, while 
that in another direction was increased in steps of about 20 For nickel, the effect of 
biaxial stresses on M A E was studied in two cases: (a) biaxial strains of equal magnitude 
and sign, and (b) biaxial strains of equal magnitude but opposite sign. The strain 
components were increased in steps of 10 |i8. The maximum tensile stresses applied to 
nickel and mild steel specimens along the stress direction were about 82 MPa and 119 MPa 
respectively, while the maximum compressive stresses applied to nickel and mild steel were 
respectively 53 MPa and 139 MPa. A 1 Hz magnetic field, whose amplitude was fixed at 
43kAm'' and 25kAm'^ respectively for the nickel and mild steel specimens, was applied 
along the y-direction, as shown in Fig. 4.6. Then the mean peak amplitude of the MAE 
signal at each strain state was measured as a function of s^  and Sy. 
4.2.3 Defect Detection 
4.2.3.1 Nickel 
The defects were artificially introduced by drilling holes in the nickel specimen 
(N l ) , whose dimensions are shown in Table 4.2. The experimental work was divided up 
into two parts as follows. 
(A) Dependence of MAE on Hole Diameter 
Before any hole was drilled, MAE measurement had been made with the use of a 
0.05mm thick spacer for better magnet-specimen coupling. Then a hole was drilled through 
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the specimen, followed by M A E measurement. A 1 Hz magnetizing field of amplitude 
50kAm-i was produced by the c-core magnet ( M l ) placed over the hole. The experiments 
were repeated with the hole diameter d varied from 1.15 土 0.05 mm to 17.50 土 0.05 mm. 
The M A E profiles were captured and the mean signal amplitude was plotted as a function 
oid. 
(B) Demagnetizing Effect of Defects 
The effect of the demagnetizing field associated with hole was studied by varying 
the thickness /“ of the non-magnetic spacer inserted between the magnet and the specimen. 
M A E measurements were carried out with varied from 0.05mm to 4.07mm when d was 
equal to 12.60mm, and from 0.05mm to 6.16mm when d was equal to 17.50mm. The 
experimental procedures were similar to those described in Section 4.2.1.1. 
4.2.3.2 Mild Steel 
The experiment on detecting a hole drilled in a mild steel bar by MAE was 
performed on the specimen (M l4 ) whose dimensions are shown in Table 4.2. A c-core 
magnet (M2) was placed on the specimen surface using a 0.18mm thick spacer for isolation. 
M A E measurements had been made on the upper surface of the specimen before any hole 
was drilled. The amplitude of the applied field was fixed at about 25kAm'^ while the 
frequency was varied from 0.5Hz to 4Hz in steps of 0.5Hz. In order to investigate the 
possibility of detecting hidden defects inside the specimen by MAE, measurements were 
repeated on the lower specimen surface. Then a hole with diameter d ranging from 
1.95士0.05 mm to 9.50土0.05 mm was drilled in the specimen down to 3mm, and the same 
M A E measurements were repeated on both the upper and lower sides of the specimen 
(configuration I and I I respectively) as shown in Fig. 4.7. 
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(a) Configuration I 
c-core magnet 
non-magnetic i i i i | m 
spacer l l l l l l l l l 
• l l l l l l l l l l . • mild steel 
Z specimen 
_ _ _ r U I , • / 
• drilled hole 
(b) Configuration II 
c-core magnet 
non-magnetic l l | l | l | l 
spacer , | | | | | | i l | | , 
drilled hole 
Fig. 4.7 Experimental setup for MAE measurements with the drilled hole 
(a) at the top (Configuration I)，and 
(b) at the bottom (Configuration II) of the mild steel specimen (MS 14). 
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CHAPTER FIVE 
RESULTS AND DISCUSSION 
5.1 Effects of Demagnetizing and Stray Fields on MAE 
5.1.1 MAE Profiles 
The M A E profiles are found helpful in understanding the mechanisms involved in 
the generation of the acoustic signal. The profiles obtained from the nickel (N l ) and mild 
steel ( M S l l ) specimens at various spacer thicknesses are shown in Fig. 5.1.1 (a) and (b) 
respectively. Many previous studies have shown that the MAE profile from nickel always 
consists of a sharp peak at the coercivity [19]. This is also true in our results when a 
0.05mm thick spacer was used. However, as the spacer thickness /“ increases, the peak 
height decreases, and the shape of the profile changes accordingly. When 4 reaches 
0.95mm，another peak appears to the left of the main peak. When equals to 1.55mm，a 
third peak appears to the right. Referring to the discussion made in Section 2.3, the left and 
right peaks correspond to the MAE signals emitted during DW creation and annihilation 
respectively, and the central peak at the coercivity is due to non-180。DW motion. The 
central peak is always found to be the highest, while the outer peaks are nearly equal in 
height. This indicates that DW motion is the main source of MAE from nickel, while the 
processes of DW creation and annihilation, which ocour at the high field regions, are also 
responsible for the generation of MAE. 
Guyot and Cagan [6] had also studied the effect of demagnetizing field on the shape 
of M A E profiles. In their study a single peak was found in the MAE profile from a 
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Figure 5.1.1 MAE profiles as a function of applied field H obtained with various 
spacer thicknesses for (a) the nickel specimen (Nl) , and (b) the mild steel 
specimen (MS l l ) . The profiles from mild steel are to the same vertical scale. The 
scales of the middle and bottom traces from nickel are enlarged by factors of 5 and 
10 respectively with respect to the top trace. 
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polycrystalline yttrium iron gamet (YIG) ring magnetized by toroidal coils. In such case the 
demagnetizing effect was negligible. This resembles our result at small /“，say 0.05mm. 
Then by introducing a gap into the YIG ring specimen a demagnetizing field was induced. 
They found that the central peak of the original profile disappeared. Instead a profile of two 
peaks at the high field regions was obtained. Gugot et al argued that in the original YIG 
ring specimen without any gap, the absence of demagnetizing field resulted in a field 
compression so that the field values at the knee zones of the hysteresis loop were close to 
the coercivity field, giving rise to a single MAE peak around the coercivity. The 
introduction of the demagnetizing field artificially expended the field scale so that the MAE 
activities at the coercivity and at the knee zones could be distinguished. Therefore, based 
on the two-peak profile they put forward that DW creation and annihilation were the only 
sources of MAE. I f their interpretation is correct, there should be only two peaks 
corresponding to the DW creation and annihilation. In our experiment, we induced a 
demagnetizing field by inserting a non-magnetic spacer between the magnet and the 
specimen, but we observed the coexistence of three peaks in the MAE profiles of nickel. 
This shows that in addition to DW creation and annihilation, DW motion is also the 
possible source of MAE from nickel. Furthermore, the presence of the highest central peak 
in the profiles indicates that DW motion is the dominant process contributing to MAE in 
this specimen. This argument is further supported by the fact that similar profiles were also 
obtained from another nickel specimen (N2), and the shape of the profile can be well 
modified by annealing the specimen (see Section 5.1.3). Detailed discussion about the effect 
of annealing on the specimen microstructure and hence the MAE activity wi l l be given in 
Section 5.1.3.2. 
In the case of iron the MAE profile always consists of two peaks located at the high 
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field regions, as well as a central dip at the coercivity. As I, increases, the peaks become 
increasingly separated and their heights decrease gradually. The formation of this two-peak 
profile can be explained by relating the MAE activities with the DW processes that take 
place in half a hysteresis cycle starting from a maximum field applied in a particular 
direction up to the maximum field applied in the opposite direction. As the field applied to 
the saturated specimen decreases, the total magnetization is reduced by DW creation which 
gives rise to MAE signals, thus resulting in the formation of the initial peak (i.e. the left 
peak) at the high field region in the profile. At the low field region, MAE is also produced 
by the non-180° DW motion. When the applied field passes through zero and increases 
again in the opposite direction, the specimen approaches saturation in that direction. 
Significant MAE is given out during DW annihilation. This accounts for the formation of 
the final peak (i.e. the right peak) in the profile. Now the existence of two sharp peaks at 
the high field regions suggests that in steel MAE is mainly generated by DW creation and 
annihilation. The contribution of DW motion to MAE is relatively small, as indicated by 
the low M A E activity at the central dip. It is sometimes found that the initial peak is higher 
than the final peak. It is because once domains are nucleated at defects or grain boundaries, 
they grow quickly and hence produce a strong MAE signal. However, during DW 
annihilation the volume swept by the moving wall need not to be large, thus resulting in 
a lower final peak in the profile. 
The difference in the profile shape between the mild steel and nickel specimens can 
be explained based on the models discussed in Section 3.1’ which state that MAE signals 
are generated by the abruptly non-180。DW motion that occurs when the applied field is 
high enough to detach the DW from the pinning sites. Referring to Eq. (2.3.1)，as mild steel 
has both Ms and He larger than those of nickel, the pin restoring force F of mild steel is 
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greater than that of nickel. In addition, the MAE signal generated also depends on the DW 
velocity. Williams et al [32] found that under a fixed applied field the DW velocity is 
directly proportional to the electrical resistivity, but inversely proportional to the 
spontaneous magnetization M^. Since the value of Ms of mild steel (1.71 x 10' A/m) [26] 
is nearly three times larger than that of nickel (0.48 x 10^ A/m), the DW velocity of mild 
steel is smaller and therefore gives rise to weaker MAE signals. This argument explains the 
formation of a sharp peak at the coercivity in the nickel MAE profile, but only a low MAE 
activity at the coercivity in the mild steel profile. 
The effects of the demagnetizing and stray fields on the MAE profile of nickel can 
now be explained as follows. Because of the small pin restoring force F the DWs can be 
unpinned easily at low applied field. As the DW velocity is high, significant MAE is given 
out. When is small, the field corresponding to the DW creation-annihilation processes is 
close to the coercivity, therefore the MAE signals produced by the different processes 
overlap, resulting in a sharp peak around the coercivity. As increases, the demagnetizing 
field increases owing to the free-poles formed on the specimen surface and the pole pieces 
of the magnet, resulting in a shearing of the hysteresis loop. Therefore the processes of DW 
creation and annihilation, which occur at high field regions, become increasingly separated 
from the DW motion which takes place at low applied field. As a result, the side peaks are 
made further apart from the central one, and become distinguishable in the MAE profile. 
For mild steel, because of the larger pin restoring force F significant motion of non-
180。DWs cannot occur until the applied field reaches a certain level, which is close to the 
field strength required for DW creation and annihilation. Therefore the MAE signal 
generated by wall motion and by creation-annihilation processes superimpose, leading to 
the formation of only two distinguished peaks in the profile. As I increases，the 
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demagnetizing field increases and MAE can only be generated at higher field. As a result, 
the signal peaks become further apart in the profile. 
5.1.2 Magnetic Reluctance Calculation 
The peak heights of the MAE signals V應,obtained by subtracting the noise level 
from the measured values, were plotted as a function of the spacer thickness 4 for the 
nickel and mild steel specimens in Fig. 5.1.2. The figure shows that the MAE peak heights 
decrease with increasing for both nickel and mild steel. In the case of mild steel the 
initial peak, which corresponds to DW creation, is always higher than the final peak 
corresponding to DW annihilation for all values of For nickel, the central peak is always 
the highest, while the two outer peaks are of nearly the same height throughout the whole 
range of 
The dependence of MAE on the spacer thickness can be understood based on the 
models mentioned in Section 3.1, which state that the MAE signal generated is proportional 
to the rate of change of strain, and the magnetic induction B inside the specimen. Without 
using any spacer the c-core magnet and the specimen form a closed magnetic path, and the 
demagnetizing or stray field is basically zero. The current flowing in the coil drives a 
certain amount of magnetic flux through the specimen. When using the non-magnetic spacer 
less flux can pass through the magnetic path as the permeability of the spacer is much 
lower than that of steel. In addition, the gap between the magnet and specimen produces 
a demagnetizing field which increases as increases. Therefore the magnetic field going 
into the specimen decreases. As a result the magnetic induction B inside the specimen is 
reduced, resulting in a drop in the MAE activity. 
Theoretically the total magnetic field penetrated in the specimen can be determined 
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Figure 5.1.2 Plots of MAE peak heights V羅 against I, for the nickel specimen 
(N l ) and the mild steel specimen (MSl l ) . 
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by subtracting the demagnetizing field from the applied field. However this calculation is 
not applicable in the present study as the actual demagnetizing fields cannot be evaluated 
easily. It is therefore our intention to estimate the effect of the demagnetizing field by 
means of magnetic reluctance calculation. At different spacer thicknesses the amplitude of 
MAE signal can be predicted by considering the magnetic circuit formed by the c-core 
magnet，the spacer and the specimen in series. Referring to the models for MAE mentioned 
in Section 3.1, the MAE signal V圓 given out is proportional to the rate of change of the 
average magnetic induction B^ inside the specimen. At a fixed frequency the field 
penetration depth p, the effective cross-sectional area A^^ and the volume of specimen 
generating M A E are all independent of l^. By Eq. (3.2.4) and Eq. (3.2.9)，K應 is found to 
be proportional to R" and thus related to by 
‘广 ( " • V + 斗 (5丄1) 
M•入 K^a ^s'^es 
A l l the parameters except in^  and were measured directly and are shown in 
Table 5.1. The values of field penetration depth p and effective cross-sectional area A^^ were 
estimated using Eq. (3.2.7) and Eq. (3.2.8) respectively. The values of R'】at different 
were calculated by assuming that ^^ = 1 and 二 1000，which are the typical values of the 
relative permeabilities of a non-magnetic spacer and an iron core [22]. For comparison both 
the experimental values of V匪 and the calculated values of R ] were normalized. The peak 
heights V羅 of nickel specimen were normalized i )y dividing the values by the signal 
amplitude at 二 0.05mm，while those of the mild steel specimen were normalized by 
dividing the values by that at 4 二 0.12mm. The values of R" were also normalized in the 
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same way. The normalized values of signal peak heights and R'! were plotted against 4 in 
Fig. 5.1.3 and Fig. 5.1.4 for nickel and mild steel respectively. 
By comparing the results in Fig. 5.1.3 and Fig. 5.1.4, it is found that MAE from 
mild steel decreases more rapidly with /“ than that from nickel. For example, the signal 
from mi ld steel decreases by 70% when increases from 0.12 to 0.63mm, while that from 
nickel only drops by 38% when ^ increases from 0.11 to 0.61mm. The possible reasons are 
listed as follows: 
(a) The reluctance of mild steel specimen (i.e. 1/ijl,AJ is smaller than that of nickel as 
the permeability of mild steel is larger than that of nickel. Therefore the contribution 
of l / f i a ^ a to the total reluctance R is larger in the case of mild steel. As a result the 
magnetic induction B^ inside the specimen decreases more rapidly with increasing 
I . 
(b) For mi ld steel the demagnetizing field H j {H^ = N 风 where N^ is the demagnetizing 
factor) induced by a spacer is stronger than that in nickel at the same spacer 
thickness as the spontaneous magnetization M^ of mild steel is about three times 
larger than that of nickel. 
The agreement between the experimental results and the calculated values of R'^  
shows that the relative magnitude of emission can be predicted based on magnetic circuit 
calculation. This calculation may be found useful in analysing the results obtained during 
the practical inspections on specimens with curved surfaces by MAE measurements. 
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Fig. 5.1.3 Normalized MAE peak heights and calculated R'l plotted against /“ for 
the nickel specimen (Nl) . 
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Table 5.1 List of the parameters used in the calculation of magnetic reluctance R in the 
study of the effects of demagnetizing and stray fields on MAE from the nickel 
( N l ) and mild steel ( M S l l ) specimens. 
P ^es Is Im Aa 
mm mm^ mm mm^ mm mm^ 
Nickel 125 4.99 134.8 46.5 180.0 90 180.0 
( N l ) 
M i ld Steel 200 4.79 96.3 27.3 108.8 50 108.8 
( M S l l ) 
5.1.3 Effect of Annealing 
5.1.3.1 Experimental Results 
The M A E profi l les obtained from the nickel bar (N2) before and after annealing at 
different spacer thicknesses were respectively shown in Fig. 5.1.5 and Fig. 5.1.6. Also 
the central peak heights of the MAE signals obtained before and after annealing were 
plotted against /“ in Fig. 5.1.7. 
Referring to Fig. 5.1.5, it is found that the MAE profiles of the as-received nickel 
specimen (N2) are similar to those obtained from the previous nickel specimen (Nl ) . At 
small spacer thickness (/^ < 2.03mm)，the profile consists of a sharp central peak around 
the coercivity. When 4 is equal to 2.03mm，a right peak appears. Then a left peak also 
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Fig. 5.1.5 M A E profiles as a function of applied field H obtained with various 
spacer thicknesses /“ for the nickel specimen (N2) before annealing. The scales of 
the traces for = 1.12mm, 2.03mm and 3.28mm are enlarged by a factor of 2，and 
those for la = 4.35mm and 5.84mm are enlarged by a factor of 5. 
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Fig. 5.1.6 MAE profiles as a function of applied field H obtained with various 
spacer thicknesses for the nickel specimen (N2) after annealing. The scales of the 
traces for = 0.98mm, 2.03mm and 3.28mm are enlarged by a factor of 2，and 
those for la 二 4.38mm and 5.84mm are enlarged by a factor of 5. 
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emerges when equals to 4.35mm, resulting in the coexistence of three peaks in the 
profile. The present result once again provides evidence on the contribution of both DW 
motion and DW creation-annihilation processes to MAE. Also DW motion is the dominant 
process generating MAE, as indicated by the highest central peak in the profile. On the 
other hand, the change in the profile shape with /“ for the annealed nickel specimen (N2) 
is entirely different. Referring to Fig. 5.1.6, at small /„，a single-peak profile is still 
observed. As increases, the central peak height decreases rapidly, resulting in a broad 
profile in which no significant feature can be recognized. It is believed that the increase in 
spacer thickness raises the demagnetizing field which expands the field scale around the 
coercivity field region, and therefore the observed signal corresponds to the MAE activity 
around the coercivity which arises mainly from the non-ISO。DW motion. The above results 
indicate that for nickel MAE activity due to DW motion is significantly reduced by 
annealing. 
5.1.3.2 Discussion 
This reduction in MAE activity after annealing can be readily explained based on 
the consideration of the generation of MAE by non-ISO。DW motion (see Section 3.1). It 
is generally accepted that M A E is sensitive to the dislocation density [33]. The dislocations， 
which can pin the moving DW because of the stress fields associated with them, are 
actually the emission sites of elastic energy during the unpinning of DW. Furthermore, as 
the dislocations in nickel have stronger interactions with the non-180° DW than with the 
180。DW, M A E should be very sensitive to the change in dislocation density [33,34]. By 
the annealing process, the dislocation density is reduced, resulting in a decrease in the 
number of events of unpinning of non-18(r DW during the magnetization cycle. As a result 
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the amplitude of the central peak height, which represents the MAE activity by DW motion, 
decreases significantly. The decrease in dislocation density of the specimen is indicated by 
the drop in the Vickers micro-hardness from 252 to 94 by annealing (Table 4.3). Similar 
dependence of MAE on the dislocation density was also reported by Ranjan et al [33'. 
Based on our experimental results it can be concluded that DW creation, motion, and 
annihilation are all responsible for MAE. The significance of each of the DW processes is 
dependent on the magnetic (by comparing the nickel and mild steel) and microstructural 
properties (by comparing the as-received and annealed specimens) of the specimens. In 
cold-worked nickel a stronger MAE activity by DW motion is usually observed as it has 
a high density of dislocations or other defects which act as pinning sites. Heat treatment can 
modify the microstructure and hence the relative contribution of different DW processes to 
MAE. This effect can be revealed in the MAE profiles obtained by introducing 
demagnetizing field into the magnetic circuit using sufficiently thick spacer. 
5.1.3.3 Magnetic Reluctance Calculation 
As shown in Fig. 5.1.7, MAE from the short nickel specimen (N2) decreases with 
increasing in a similar way as another nickel specimen (N l ) and the mild steel specimen 
(MS l l ) . By comparing the peak heights before and after annealing, on the average the 
signal amplitude is found to decrease by about 40% after annealing. In order to compare 
the dependence of MAE on the signal amplitudes measured before and after annealing 
were normalized and plotted against I , in Fig. 5.1.8. The magnetic reluctance calculation 
was also repeated for this specimen using the parameters listed in Table 5.2, and the 
normalized values of 及“for the cases before and after annealing were plotted in Fig. 5.1.8 
for comparison. An excellent agreement with the experimental results is observed, showing 
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Fig. 5.1.7 Plots of central peak height against for the nickel specimen (N2) before 
and after annealing. 
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that the drop in MAE with increasing ^ is possibly due to an increase in the demagnetizing 
field which reduces the magnetic induction inside the specimen. Furthermore, the 
coincidence of the curves obtained before and after annealing shows that in both cases the 
MAE peak heights decrease with increasing /“ in the same way. This is expected because, 
although the annealing can increase the permeability /x^  and hence decrease the magnetic 
reluctance of the specimen (i.e. / / / x ^ J , it cannot significantly changes the total reluctance 
R of the magnetic circuit at a given /。• Using the parameters listed in Table 5.2, the 
specimen reluctance is estimated to be 2.3 x 10^/H before annealing and 1.7 x 10^/H after 
annealing, while that of the spacer layer is found to be 4.4 x 10^  IJU (/。in mm), where H 
stands for Henry. Therefore the total reluctance R of the magnetic circuit is more sensitive 
to the change in spacer thickness than to the variation in the specimen properties such as 
its permeability. In other words, being insensitive to the microstructure of the specimen 
under test, the normalized MAE peak height is a reasonably good parameter for the 
description of the effect of demagnetizing field owing to the spacer layer in this case. The 
above results suggest that it is possible to monitor the demagnetizing field caused by an 
imperfect matching of the component surfaces (e.g. measurement with a electromagnet on 
weldments which usually have curved or rough surfaces) in a magnetic circuit by MAE 
measurements. 
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Table 5.2 List of parameters used in the calculation of magnetic reluctance for the 
nickel specimen (N2). 
Specimen /x, p 丸 A 讲 A^ 
mm mm^ mm mm^ mm mm^ 
Nickel (N2) 
Before annealing 125 4.99 134.8 46.5 180.0 90 180.0 
After annealing 170 4.75 125.7 46.5 180.0 90 180.0 
» 
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5.2 Dependence of MAE on Frequency of Applied Field 
5.2.1 Experimental Results 
The amplitudes of MAE signals from the nickel (N2) and mild steel bar ( M S l l ) 
specimens before and after annealing were plotted against the magnetizing field frequency 
/ i n Fig. 5.2.1 and Fig. 5.2.2 respectively. The corresponding logarithmic plots are given in 
Fig. 5.2.3 and Fig.5.2.4. In addition, the MAE profiles from the annealed nickel and mild 
steel specimens obtained at some particular frequencies are also shown in Fig. 5.2.5 and 
Fig. 5.2.6 respectively. 
These logarithmic plots show that the MAE signals depend on / t o a certain power. 
For nickel, M A E signal is proportional to / 請 and 严】respectively for the as-received and 
annealed specimens. For the as-received and annealed mild steel specimens, the indexes are 
0.45 and 0.40 respectively. The above results show that in general the detected MAE signal 
is nearly proportional to 产 . 
The above observation can be explained readily based on considering the generation 
of MAE due to DW motions. Referring to Eq. (3.1.1) and Eq. (3.1.2), the MAE signal 
given out should be proportional to rate of change of applied field dH/dt, and hence to the 
product of the applied field amplitude H^^ and frequency /，since the waveform of the 
applied field is triangular (i.e. the magnitude of the applied field increases or decreases 
linearly with time over half of the magnetization cycle). Meanwhile, the detected signal is 
also a dependent of the volume of the specimen generating MAE, which is inversely 
proportional i o f ^ as the depth of field penetration is limited by the skin depth. As a result 
the measured MAE signal is proportional to the product o f / a n d / ' ' ^ resulting in a factor 
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Fig. 5.2.1 Dependence of MAE on the applied field frequency / f o r the as-received 
and annealed nickel specimen (N2). 
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Fig. 5.2.4 Logarithmic plots of normalized MAE against the applied field frequency 
/ f o r the (a) as-received, and (b) annealed mild steel specimen (MSl l ) . 
87 
(\o1 MAE 1 厂 MAE , (力 f=1Hz (V) f = 10Hz 
‘——‘——‘——I—‘————I——I——‘——I——I I I_X_I I 
一 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 2 0 3 0 4 0 5 0 - 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 2 0 3 0 4 0 5 0 
f = 2Hz f = 15HZ 
Jv i \ 
I LJ_I I 1 I I I I I I__L_j I I I I I I I I I 
- 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 2 0 3 0 4 0 5 0 - 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 2 0 3 0 4 0 5 0 
H (kArrfi) 
f = 5Hz 
I I I J I I I I I L 1 
- 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 2 0 3 0 4 0 5 0 
H fkAnrrM 
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For more detailed comparison, in addition to the. experimental data the normalized 
values o f f -^  were plotted against / in logarithmic scale in Fig. 5.2.7 and Fig. 5.2.8 for 
nickel and mild steel respectively. The plots in Fig. 5.2.7 (a) and (b) show that for nickel 
the theoretical 产 curve agrees with the experimental results for frequencies higher than 
5Hz. However, f o r / < 5Hz, the experimental data are larger than the calculated results. In 
the case of mild steel, as shown in Fig. 5.2.8 (a) and (b), the/ .^ curve is only close to the 
experimental data at high frequencies ( i .e . /> 20Hz). At low frequencies, especially when 
/ < 5 Hz，the experimental data are found to have a frequency dependence other than f '^ . 
Furthermore, the discrepancy between the calculated and experimental values at low 
frequencies is larger in mild steel than in nickel. I f the motion of non-180° DW is the only 
source of MAE, the experimental results should follow the 产 curve over the whole 
frequency range. Now the difference between the experimental results- and the/^ J curve 
shows that only the DW motion cannot account for the frequency dependence of MAE. As 
discussed in the following section the contribution of DW creation and annihilation to MAE 
should also be taken into consideration in analysing the experimental results. 
5.2.2 Theoretical Consideration 
The model discussed in Section 3.1.4, which attributes MAE to both DW motion and 
DW creation-annihilation processes, is found useful to account for the present experimental 
results. Theoretically the amplitudes of MAE signals can be estimated by Eq. (3.2.11). In 
the present study, the field penetration depth p, the reluctance R and the effective cross-
sectional area are all dependent on f . The parameters used in calculating R and A,, are 
listed in Table 5.3. However it is difficult to evaluate the exact values of the constants Q 
and CcA which appear in Eq. (3.1.4) and Eq. (3.1.6)，since these constants depend on 
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various parameters of the materials (such as the domain dimensions, density of pinning 
sites，etc.) that cannot be found out through direct measurements. It is therefore our 
intention to f ind out the ratio r = Q ^ / Q which characterizes the relative strength of the 
M A E given out due to DW motion and DW creation-annihilation processes. We 
approximated r by the ratio of the outer peak height to the central peak height. For nickel 
the signal peaks, which normally merge into a single peak around the coercivity, can be 
separated by introducing demagnetizing field into the magnetic circuit using sufficiently 
thick spacers. Then the peak heights were measured from the MAE profiles obtained at 
IHz, and the ratio of the initial peak height to the central peak height was evaluated. The 
average values of r were found to be 0.721 and 0.985 respectively for the as-received and 
annealed nickel specimens (N2). For mild steel, the outer signal peaks are attributed to both 
DW motion and DW creation-annihilation processes, while the central dip height V^ is only 
a measure of M A E given out owing to DW motion. Therefore r can be approximated by 
广 一 - (5.2.1) 
Kn 
where V^ is the initial peak height measured from the profile. The values of r were found 
to be 2.00 and 1.56 respectively for the as-received and annealed mild steel specimens. 
Substituting all the parameters into Eq. (3.2.11), the theoretical values of V匪 were 
calculated. The normalized values were plotted with the experimental results against / in 
Fig. 5.2.7 and Fig. 5.2.8 respectively for nickel and mild steel. 
The plots in Fig. 5.2.7 and Fig. 5.2.8 show that the theoretical curves of V薩 agree 
with the experimental results better than the 严 curves over the whole frequency range, 
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especially in the low frequency range for mild steel. This is expected since the former, 
which also takes the DW creation and annihilation into account, is an improvement upon 
the latter in the low frequency range. At low frequencies the constant term Q^ becomes 
significant in Therefore the estimated values of V麗 are larger than those predicted 
b y / ^ 5, and are found to be closer to the experimental results. At high frequencies, the term 
C j f ' m Eq. (3.2.11) dominates over the constant term Q；/ Therefore V麗 increases with 
/near ly as尸，resulting in the same trend as t h e产 curve in the high frequency range. 
In nickel the DW motion plays the dominant role in the generation of MAE over the 
whole frequency range. This is supported by the MAE profiles obtained at different field 
frequencies as shown in Fig. 5.2.5, in which only a sharp peak around the coercivity can 
be found. Therefore the curve agrees with the experimental results except in the low 
frequency range (f < 5Hz), where the theoretical curve V羅 shows a better agreement with 
the experimental result. In mild steel, the DW creation and annihilation are more important 
than the DW motion in MAE generation at low frequencies. This is reflected in the two-
peak profiles obtained for f < 5Hz, as shown in Fig. 5.2.6. Therefore there is a great 
discrepancy between the 尸 curve and the experimental results, but the V匪 curve shows 
a significant improvement in this frequency range. As /increases, the MAE signal due to 
DW motion increases, as indicated by the increasing height of the central dip in the profile. 
For/〉lOHz, the central peak becomes the highest, and the three peaks merge into a single, 
board peak profile. As a result, the amplitude of the MAE signal, which is now mainly 
attributed to the DW motion, becomes proportional t o / " . 
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Table 5.3 List of parameters used in the calculation of V邏 for the as-received and 
annealed nickel (N2) and mild steel ( M S l l ) specimens. 
f^s L ^a la 
Specimen before After mm^ mm mm^ mm 
annealing annealing 
Nickel (N2) 120 170 180.0 90 180.0 0.05 
Mi ld Steel ( M S l l ) 160 200 108.8 50 108.8 0.18 
峰 
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Fig. 5.2.7 Logarithmic plots of normalized MAE, f ' and calculated V匪 against 
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Fig. 5.2.8 Logarithmic plots of normalized M A E ,产 and calculated V羅 against 
/ f o r the (a) as-received, and (b) annealed mild steel specimen (MSl l ) . 
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5.3 Dependence of MAE on Specimen Thickness and Width 
5.3.1 Experimental Results 
The M A E profiles obtained from mild steel bars of various thicknesses h and widths 
w, were found to contain two peaks which correspond to the creation and annihilation of 
reverse domains. The MAE peak heights measured at different values of h and w were 
normalized and plotted as functions of h and w in Fig. 5.3.1. The scattering of the data 
points at large h was possibly due to the fact that for thick specimens, the noise level was 
comparable to the MAE signals given out, thus resulting in a small signal-to-noise ratio. 
Fig. 5.3.1 shows that the peak height decreases with increasing h. For h < 30mm, 
the peak height is proportional to while for h > 30mm, it ceases to decrease. This can 
be readily explained based on considering the distribution of the B field inside the 
specimen. For the steel bars with thickness h smaller than 5，the flux density is high, thus 
producing a large B field. This gives rise to a large dB/dt during magnetization and hence 
the M A E signals are strong. As h increases, the flux spreads out inside the specimen. 
Therefore the MAE activity is weaker as dB/dt is smaller. Usually substantial B field (63% 
of the original field) can only be found within the skin depth 5. In mild steel, when the 
field is 1 Hz, 5 was calculated to be 14.7mm. Therefore for steel bars with thicknesses 
larger than this value, the distribution of B field no longer depends on the specimen 
thickness. As a result the MAE signal becomes less sensitive to the change in h. 
A similar trend is also found in the dependence of MAE on specimen width w. The 
M A E peak height is found to be proportional to " for w < 30mm, but becomes 
independent of w for w > 30mm. This trend can be explained by an argument similar to the 
previous one since the field penetrated in the specimen also disperses in the lateral direction. 
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direction. In a narrow specimen, the flux is confined by the two sides. As the specimen 
width increases, the B field is reduced and hence the MAE signal decreases. It is suspected 
that the size of the pole-pieces of the magnet may affect the extent of the lateral dispersion 
of the B field, especially when it is comparable to the specimen width. In our study the 
experiment was repeated with another magnet (M2) with smaller pole-pieces. It is found 
that there is a similar dependence of MAE on w as shown in Fig. 5.3.2. Therefore, by 
comparing the curves in Fig. 5.3.1 it can be inferred that the B field disperses in the vertical 
and horizontal directions in the same manner. In addition, the extent of the field dispersion 
in both directions is found to be nearly 30mm，which is expected to depend on the skin 
depth 5 and hence on the rate of change of the magnetizing field. 
5.3.2 Theoretical Consideration 
The dependence of M A E on the specimen thickness h was analysed by three 
theoretical approaches, namely (a) the calculation based on considering the magnetic circuit 
formed by the c-core magnet, the non-magnetic spacer and the specimen in series, (b) the 
calculation of the amount of magnetic field penetrated into the specimen, and (c) the model 
which takes account of both the magnetic reluctance and the effect of eddy current 
shielding. A l l the calculations were based on the models of MAE mentioned in Section 3.1, 
which state that the MAE signals given out are proportional to the rate of change of 
magnetic induction B inside the specimen. 
By the first approach the value of the average magnetic induction B was estimated 
by calculating the reluctance R of the magnetic circuit. By Eq. (3.2.5), for a fixed 
magnetomotive force Nl, the magnetic induction B and hence the MAE activity should be 
proportional to I/RA,. Both the magnetic reluctance R and the cross-sectional area A, depend 
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on the length of the flux path inside the specimen. In this calculation we took an average 
Is between the longest path (when the field penetration depth equals to specimen thickness 
/z), and the shortest path (when the penetration depth equals to 0). In finding A^, we had 
assumed that the flux path has a elliptical cross-section mid-way between the pole-pieces 
of the magnet owing to the finite size of the rectangular pole-pieces. Therefore the mean 
area A, was taken as imhU, where u is the average width of lateral dispersion. The 
permeability of the specimen was measured to be nearly 200. The values of /„, and A^ were 
found to be 93mm and 196.6mm^ respectively. The thickness of the spacer used was 
0.3mm. Assuming that ILI^  = 1 and = 1000, the values of 1/RA^ at different specimen 
thicknesses were calculated and normalized. They were then plotted against h as shown in 
Fig. 5.3.3. 
In the second approach the fractional amount of magnetic induction penetrating into 
the bar is calculated by taking the effect of eddy current shielding into account. In order to 
compare the MAE signals from the bars of different thicknesses, the amount of fractional 
magnetic induction of a top layer of thickness t。was found by 
to 
fe-'l 仏 
fs - \ ( 5 . 3 . 1 ) 
0 
We took to to be 2.55mm, which is the thickness of the thinnest bar. The calculated values 
of/忍 were normalized and plotted against h as shown in Fig. 5.3.3. A logarithmic plot of 
fB against h is also shown in Fig. 5.3.4. It shows that the curve consists of two linear parts. 
For h < 15mm the slope is -0.79, while for h > 15mm the slope becomes 0.33. 
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By comparing the plots of normalized values of 1/RA, and with the best fitted 
curve of the experimental results as shown in Fig. 5.3.3，it is found that the prediction by 
the first approach (i.e. calculation of R of the magnetic circuit) agrees with the data points 
for h < 15mm. However, at large h the theoretical value continues to decrease with 
increasing h, and hence deviates from the experimental result. This observation can be 
explained as follows. When h is small compared to 5，the magnetic flux inside the specimen 
is dense and hence B is nearly uniform. Therefore B can be approximated by O/A^ without 
introducing much error. As a result a good agreement with experimental data is found. 
When h is larger than 5, the calculated result becomes a rough approximation since the 
values of A^ are overestimated. It is because the expression iruhU for A^ is derived based 
on the assumption that the field can penetrate down to the bottom of the specimen, which 
is not the case for the bar with thickness greater than 5 since substantial field can only be 
found within a depth smaller than 5. Consequently the values of the average B field are 
underestimated for h greater than 5. 
On the other hand, the values of f^ estimated by the second approach (i.e. calculation 
of the fractional amount of magnetic induction penetrating into the bar) decays faster than 
the experimental results for small h. Then the decrease slows down for h > 20mm，and thus 
agrees wi th the trend of the experimental results. In this approach, it is assumed that for 
specimens with thickness h greater than 2.55mm，only the top 2.55mm layer is responsible 
for the detected signals. Therefore all the calculated values are smaller than the 
experimental results because the lower portion of the specimen, which is also swept by the 
applied field, can emit detectable MAE. At large h’ the agreement between the predicted 
values and experimental results supports our previous argument that the distribution of the 
B field inside the specimen and hence the fractional amount of flux lines present in the top 
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layer does not change significantly with the specimen thickness when it is much larger than 
the skin depth 5. 
In the third approach theoretical prediction is made based on the model discussed 
in Section 3.1.4 with minor modification. Basically the average magnetic induction B^ was 
calculated by Eq. (3.2.9). The magnetic reluctance R was evaluated by Eq. (3.2.4)，in which 
^s and 1。were replaced by A^^ and p respectively, where p is the mean penetration depth. 
The only modification made was to calculate A^^  by 
� = ^ (5.3.2) 
“ 4 
instead of imhU. It is because, as stated before, the expression 'Kuh/4 is a overestimation of 
the effective cross-sectional area A^^  of the flux path inside the specimen. On the other 
hand, the replacement oi h hy p should give a better approximation for A^^  since is a 
better estimation of the depth of field penetration. Therefore For a given magnetomotive 
force Nl, the average magnetic induction B^, and hence the amplitude of MAE signal, are 
simply proportional to 1/RA,,. Substituting those parameters used in the first approach (i.e. 
the calculation of 1/RA^ into Eq. (3.2,9), the values of 1/RA,, at different h were calculated 
and then normalized. The results were plotted against h together with the experimental data 
in Fig. 5.3.5 for comparison. A closer agreement between the experimental results and the 
calculated 1/RA values is found over the whole range of h. This implies that our proposed 
model，being much simpler than the standard numerical techniques, can also give a 
reasonably good description of the field distribution inside the specimen. Indeed, the 
improvement upon the previous approaches is expected, since the present model actually 
combines the features of the first two approaches, which have been shown suitable to 
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predict the signal amplitudes for different ranges of specimen thickness. For h « 6, by 
Eq.(3.2.7), p « and thus is approximately equal to A, (c.f. Eq. (3.2.8)). Therefore the 
whole algorithm is reduced to the calculation adopted in the first approach. This 
corresponds to the situation that the B field inside the specimen is nearly uniform when h 
is small compared to 5, and hence A^^  can be replaced by A^ in the calculation without 
causing much error. For h » d, p « 5, which becomes insensitive to the change in h. 
Hence the curve of 1/RA^^ decreases much slowly with increasing h. Therefore the trend is 
close to that predicted by the second approach, and is found to agree with the experimental 
results for h > 20mm. 
As the theoretical prediction and the experimental results are consistent with each 
other, it is possible to apply the proposed model to estimate the fractional changes of the 
MAE signal with the dimensions of the specimen for a given experimental setup. On the 
other hand, our results also suggest the potential application of MAE in thickness 
measurement. I f the MAE from a specimen of known dimensions is measured, using MAE 
measurements under the same experimental condition it is possible to estimate the thickness 
and width of a specimen of unknown dimensions made from the same material. The 
advantages of using MAE is that it is applicable to specimens when only one surface of 
limited area is accessible. In practice the limitation is that this method is not suitable for 
specimens with dimensions to be measured much larger than the skin depth because, as 
shown in our experimental result, the sensitivity of MAE to specimen thickness and width 
is greatly reduced, and the MAE signals given out wi l l be too weak for accurate 
measurements. 
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5.4 Effects of Uniaxial and Biaxial Stresses on MAE 
5.4.1 Effect of Uniaxial Stress 
5.4.1.1 Experimental Results 
Fig. 5.4.1 and Fig. 5.4.2 respectively show the stress-strain curves of the nickel and 
mild steel specimens. The Young's moduli of the nickel bars N3 and N4 were found to be 
219.5 土 7.3 GPa and 206.7 土 3.6 GPa respectively, while those of the mild steel bars M S l l 
and MS12 were measured to be 234.3 土 5.8 GPa and 208.0 土 5.5 GPa respectively. 
In the case of nickel, the dependence of MAE on tensile and compressive stresses 
are shown in Fig. 5.4.3 and Fig. 5.4.4 respectively. For nickel under tension, the signal 
amplitude first increases with increasing stress level and reaches a maximum at 13 MPa. 
Then the signal height decreases monotonically on further increase in tension. The 
maximum increase in signal height is 17% at 13MPa, but the overall reduction in signal 
height at 72MPa is 15% compared to stress-free signal level. 
Fig. 5.4.4 shows that as the compressive stress applied to the nickel bar increases, 
the MAE peak height decreases continuously and then ceases to decrease when the 
compressive stress exceeds 30MPa. The overall reduction in signal height is 21% under a 
compression of 68MPa. 
Some of the MAE profiles obtained from nickel under tension and compression are 
shown in Fig. 5.4.5 (a) and (b) respectively. It is found that under tension each of the 
profiles contains a single peak around the coercivity. The applied stress can only alters the 
peak height but the shape of the profile does not change significantly with the stress level. 
In the case of mild steel, the stress dependence of MAE is entirely different. The 
amplitudes of MAE signal are plotted against the tensile and compressive stresses 
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Figure 5.4.2 The stress-strain curves of (a) the mild steel bar M S l l , and (b) the 
mild steel bar MS 12. 
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Fig. 5.4.8 MAE profiles as a function of applied field H obtained from mild steel 
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stresses. The profiles in each column are to the same vertical scale. 
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respectively in Fig. 5.4.6 and Fig. 5.4.7. Fig. 5.4.6 indicates that when the tensile stress 
increases from OMPa to lOTMPa, the MAE signal decreases by 29%, followed by a sudden 
drop of further 18% at about llOMPa. As a result the signal amplitude at 136MPa is only 
52% of that at zero stress. 
Under compression the MAE signal from the mild steel specimen increases initially 
by 11% to a maximum at 27MPa. After that it decreases with increasing stress level. The 
overall reduction in the signal height is 10% when the compressive stress reaches 99MPa. 
Referring to the MAE profiles from the mild steel specimens under tensile and 
compressive stresses shown in Fig. 5.4.8 (a) and (b), it is found that the applied stress can 
only alter the signal amplitude but not the profile shape. Each of the profiles still contains 
two distinct peaks and a central dip, and the peak separation and the central dip position 
remain the same irrespective of the direction and magnitude of the applied stresses. 
By comparing Fig. 5.4.3 with Fig. 5.4.6，and Fig. 5.4.4 with Fig. 5.4.7, it is found 
that in general the stress effect on MAE from nickel is opposite to that from mild steel. In 
addition, the amplitude of MAE signal from nickel reaches a maximum at a lower tensile 
stress level (13MPa), but that from mild steel can reach a maximum only at a higher 
compressive stress level (27MPa). 
5.4.1.2 Discussion 
Our results show that the effects of tensile stress on MAE from nickel and mild steel 
are similar to those reported by many researchers such as Kusanagi and Kimura [17], Buttle 
et al [16] and Ng [19]. Most of the authors tend to explain the results in terms of the 
rearrangement of domains under the applied stress as discussed in Section 2,1.4. Their 
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argument satisfactorily explain the changes in MAE from mild steel under tension. We now 
extend this theory to explain the experimental results of the effect of compressive stress on 
MAE from nickel and mild steel. Nevertheless, in the case of mild steel under compression 
the above argument can only predict the initial rise in MAE activity but not the subsequent 
drop in the signal amplitude. This implies that detailed study on the effect of applied stress 
on domain structure should be made in order to have a better understanding of the 
dependence of MAE on the applied stress. Therefore in the present study it is intended to 
explain some of the experimental results from mild steel based on the observation of the 
changes in domain structure under applied stresses by Comer et al [37] and Martius et al 
[37]. 
When a small tensile stress is applied to the nickel, as is negative, the domain 
vectors wi l l reorientate to the easy axes making the largest angles with the stress direction. 
This raises the amount of non-180。DW motion during the magnetization process under an 
applied field along the stress direction. In addition, the domain volume AV swept by the 
moving non-ISO。DW also increases. As a result the MAE activity increases at low stress 
levels. 
Under compression, the domain magnetization turns to an easy direction closest to 
the stress axis, resulting in a dominance of 180。DW but a reduction in the amount of non-
180° DW. Therefore when an external field is applied in the stress direction, the specimen 
is magnetized mainly through the motion of 180° DW rather than the non-180° DW motion. 
As a result the MAE activity decreases. 
The stress effect on MAE from mild steel can be qualitatively understood in terms 
of both the DW motions and DW creation-annihilation processes. The effect of tensile stress 
on the DW motion in mild steel is similar to the case of nickel under compression. The 
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profiles shown in Fig. 5.4.8 (a) indicate that the central dip height, which corresponds to 
the M A E activity arising from the 90。DW motion, decreases with increasing tension. 
Moreover, the applied tensile stress can affect domain nucleation at the grain boundaries 
[35]. Under tension, the rearrangement of domain vectors towards the stress direction 
reduces the magnetic pole density co at the grain boundary, and hence a larger applied field 
is required for nucleation [35]. This inhibits the domain nucleation which is the main source 
of M A E from mild steel. 
The effect of compressive stress on MAE from mild steel can be explained as 
follows. At low stress levels, compression along the easy direction induces the transition 
of domain structure from the original one with domain vectors pointing in an easy direction, 
to another pattern with domains magnetized in other easy directions making the largest 
angle with the stress direction. Therefore the amount of non-180° DW motion involved in 
subsequent magnetization increases. This argument is supported by the profiles shown in 
Fig. 5.4.8 (b), which indicates that the central dip height increases with increasing 
compression. As the compressive stress increases, the original domain structure changes 
gradually [37]. Meanwhile, the stress concentration facilitates domain nucleation at the grain 
boundaries. I f now a magnetic field is applied to the specimen, new domains can easily 
form and grow at the grain boundary. As a result the MAE activity increases. At high stress 
level, the stress-induced domain pattern emerges, in which the domain vectors align 
perpendicular to the stress direction (i.e. normal to the applied field). Further increase in 
stress level reduces the DW spacing as a result of domain nucleation at the grain boundaries 
[39]. This hinders the subsequent DW creation and annihilation under the applied field. As 
a result the M A E activities at the high field regions decrease, as shown by the decreasing 
peak heights in the profile (Fig. 5.4.8 (b)). This argument is supported by the experimental 
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study by Martius [39], who observed that once the applied stress was large enough to 
produce the stress-induced pattern, the application of a magnetic field up to 750e 
perpendicular to the domain magnetization could not alter the domain structure. Referring 
to our experimental results, the MAE peak height reaches a maximum at about 27MPa, 
which is close to the critical stress level (about 20MPa) required for the formation of the 
stress-induced domain pattern in Si-Fe reported by Comer et al [38]. This agreement 
supports our explanation of the effect of compressive stress on MAE in terms of the stress-
induced domain pattern. The difference in the critical stress levels between our results 
(27MPa) and Comer's results (20MPa) is possibly due to the difference in the magnetic 
properties between mild steel and silicon iron. 
The difference in the stress dependence of MAE between nickel and mild steel can 
be explained in terms of the relative magnitudes of the anisotropy energy Ef. and the 
magnetoelastic interaction E ^ . Since mild steel has a larger magnetocrystalline anisotropy 
energy but a smaller magnetostrictive constant, the stress required for the reorientation of 
domain vectors in mild steel is larger. Therefore, the MAE signal from nickel under tension 
increases to a maximum at a lower stress level compared to the signal from mild steel under 
compression. 
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5.4.2 Effect of Biaxial Stresses 
5.4.2.1 Study on Mild Steel Specimen 
In the experiment the magnetizing field was applied in the y-direction (Fig. 4.6). 
From the MAE profiles thus obtained the mean peak amplitudes were measured as a 
ftmction of the strain components s^  and 8y, which were varied respectively from -360 jas 
to 360 jis, and from -400 [iz to 380 in steps of 20 fas. Under different strain 
combinations, the signal amplitudes were plotted in form of contours against s^  and Sy, as 
shown in Fig. 5.4.9. The vertical spacing between the adjacent contours was set at lOmV 
for a clear presentation. 
Fig. 5.4.9 shows the dependence of MAE on the strain components s^  and Sy. In the 
first quadrant (i.e. Sy > 0) MAE decreases as the strain components increase. Similar 
trend is also found in the second quadrant (i.e. s^  < 0, Sy > 0), but the signal amplitude 
decreases at a faster rate compared with that observed in the first quadrant. When the 
specimen is under compressive strains in both directions (i.e. the third quadrant), MAE first 
decreases and then fluctuates around a level of 190mV. In the forth quadrant (i.e. s^  > 0, 
Sy < 0), MAE first increases up to a maximum (around s^  = 180|is, Sy == -280|^s), and then 
decreases upon further increase in the strain components. In general, the MAE signal is 
reduced when the specimen is heavily strained. By comparing the second and the third 
quadrants, it is found that under a tensile Sy MAE decreases at a rate faster than that 
observed under a compressive Sy. Similarly, as shown in the first and second quadrants, the 
MAE is reduced by the tensile Sy, and this effect is enhanced when the strain component 
Sx is compressive, but is opposed i f s^  is tensile. 
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strain combination s, and Sy, the corresponding stress components a, and a^ can be 
calculated by the following expressions [20 
= ^11 + (5.4.1) 
and 
S = - (5.4.2) 
where C", Cj2 and are the elastic stiffness constants of the polycrystalline materials. 
The typical values of C；； (which is the same as Q^) and Q； (which is equal to C；^) are 
respectively 250GPa and 160GPa for nickel, as well as 241GPa and 146GPa for mild steel 
[42]. 
In the present study, further analysis have been made on the experimental results in 
the following cases: 
(a) the dependence of MAE on the uniaxial stress in the x-direction a^ (i.e. when 
CTy = 0)， 
(b) the dependence of MAE on the uniaxial stress in the y-direction a^ (i.e. when 
c^ x = 0), 
(c) the dependence of MAE on a^ for the case of biaxial strains of equal 
magnitude and sign in two perpendicular directions (i.e. s^  = Sy)，and 
(d) the dependence of MAE on a^ for the case of biaxial strains of equal 
magnitude but opposite sign in two perpendicular directions (i.e. s^  = -Sy). 
The experimental results of each of the above cases are analysed and discussed as 
follows: 
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(a) In order to study the dependence of MAE on the uniaxial stress a,, it needs to 
determine the strain combinations which give zero a^, and the magnitudes of the uniaxial 
stress in the x-direction (i.e. a j corresponding to these strain combinations. Equating 
Eq.(5.4.2) to zero, the relation between the strain components s^  and Sy for zero a^ is given 
by 
S = (5.4.3) 
、ii 
where the values of Q / Q ^ are 0.640 and 0.606 respectively for nickel and mild steel. 
Now the uniaxial stress a^ can be calculated from the strain component s^  by 
a, = K a (5.4.4) 
where K^ is 148GPa for nickel and 152GPa for mild steel. 
The line corresponding to the strain combinations for Gy = 0 was drawn on the 
contour plot in Fig. 5.4.9. Then the uniaxial stress a^ for each of these strain combinations 
was calculated by Eq. (5.4.4). Fig. 5.4.10 shows the dependence of MAE on the uniaxial 
stress G^ (with Oy = 0). It is found that MAE increases with increasing tensile a^, but 
decreases as the magnitude of the compressive a^ increases. This results can be explained 
in terms of the rearrangement of domain vectors under stress. When the applied uniaxial 
stress (Tx is tensile, the domain magnetization tends to align in the easy directions closest 
to the x-direction. Therefore when a magnetic field is applied along the y-direction, the total 
magnetization of the specimen in the field direction increases as the domains with 
magnetization pointing in the field direction expand by non-180° DW motion. As a result 
the MAE activity increases. On the contrary, under the compressive a^ the domain vectors 
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Fig. 5.4.10 Plot of MAE as a function of the uniaxial stress a^ (i.e. Gy = 0) for the 
mild steel cross specimen (MS 13). 
124 
tend to point to the easy directions making the largest angles with the x-direction such as 
the y- or z-direction (i.e. the direction perpendicular to the specimen plane). Because of the 
shape anisotropy the domain magnetization prefer to align in the xy-plane rather than in the 
z-direction. Therefore, under the compressive a, it is more likely for the domain vectors to 
reorientate to the y-direction than to the z-direction. I f a magnetic field is now applied in 
the y-direction, the magnetization process wi l l involve mainly 180。DW motion when the 
domains with magnetization in the field direction expand by at the expense of the 
neighbouring domains with opposite magnetization. As a result, the amount of non-ISO。 
DW processes is reduced and hence the MAE activity decreases. 
(b) Similar to case (a), in the study of the dependence of MAE on the uniaxial stress 
cjy (with Gx = 0)，the strain combinations that give zero a^ can be found out by setting 
Eq.(5.4.1) to zero. Then the relation between the strain components for zero a^ is given by 
= (5.4.5) 
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where the values of Cy^/Q； are 0.640 and 0.606 for nickel and mild steel respectively. The 
uniaxial stress Gy corresponding to these strain combinations can be calculated by 
a^  = 仏 (5.4.6) 
where Ky is 148GPa for nickel and 153GPa for mild steel. 
The line corresponding to the strain combinations for a^ = 0 was also shown in the 
contour plot in Fig. 5.4.9. The uniaxial stress (jy for each of these strain combinations was 
then calculated by Eq. (5.4.6), and the dependence of MAE on the uniaxial stress dy is 
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Fig. 5.4.11 Plot of MAE as a flinction of the uniaxial stress Qy (i.e. a^ = 0) for the 
mild steel cross specimen (MS 13). 
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shown in Fig. 5.4.11. It is found that the MAE signal decreases as the tensile、increases. 
Under a compressive a^, the signal amplitude increases up to a maximum at about -50 MPa. 
The above results are similar to those obtained under the action of the uniaxial stress 
applied to the bar specimens ( M S l l and MS 12) along the field direction (Section 5.4.1). 
Therefore the present results can be explained by the argument same as that given in 
Section 5.4.1. 
By comparing Fig. 5.4.10 and Fig. 5.4.11, it can be concluded that the application 
of a uniaxial tension or compression in the field direction (i.e. ay > 0 or Gy < 0) 
respectively reduces or raises the signal level, while the uniaxial tensile or compressive 
stress (i.e. a^ > 0 or a^ < 0) applied perpendicular to the field direction gives rise to the 
opposite effect. On the other hand, the MAE signal is more sensitive to a , than to a • For 
y X 
example, the maximum increase in MAE is about 5.8% (compared to the stress-free signal 
level) at a^ = 36.6 MPa and 8.6% at Gy = -45 MPa, while the overall decrease in MAE is 
about 16.8% at a^ = -52 MPa and 19.6% at cjy = 46 MPa. 
(c) In the case of s^ = Sy, from Eq. (5.4.1) and Eq. (5.4.2) the stress components a^ and 
(Ty are found to be equal in sign and magnitude since C " = C22 and C12 = C21. Therefore the 
stress component a^ can be found from the strain s^  by 
〜 = ( ^ 1 1 + = C叫〜 (5.4.7) 
where C叫 are 380GPa and 410GPa respectively for nickel and mild steel. 
The line corresponding to s^  = Sy was added to the contour plot in Fig. 5.4.9, and 
the stress component a^ for the strain combinations s^  = Sy was calculated by Eq. (5.4.7). 








































































































































































































































































are tensile (i.e. cr, = Gy > 0 ), the MAE signal increases initially by about 3% and then 
deceases at a rate of about 0.29% per MPa increase in a , for a , > 15 MPa. When the 
stresses are compressive (i.e. CT, = cjy < 0), MAE decreases sharply when the magnitude of 
CTx is smaller than 20MPa. As the compressive a^ further increases, the signal amplitude 
increases again and fluctuates around the signal level of 190mV. 
The above results can be explained based on considering the rearrangement of 
domain magnetization under the applied stresses. When the stresses are tensile, the initial 
increase in MAE is possible due to the alignment of domain vectors in those easy directions 
close to the x-direction，which can raise the amount of non-180° DW processes in the 
magnetization process. At higher stress levels, the reorientation of domain vectors from the 
z-direction or other easy directions to the field direction reduces the amount of non-180° 
DW motion involved in the subsequent magnetization process, thus reducing the MAE 
activity. This indicates that the tensile cjy play a more important role than the tensile a^ in 
determining the arrangement of the domain magnetization. Note that under the biaxial 
stresses a^ = cjy, the signal decreases with a^ at a rate lower than that observed under the 
application of only the uniaxial tensile cjy (Fig. 5.4.11). This indicates that the tensile stress 
did oppose the alignment of domain magnetization along the field direction which was 
caused by the tensile oy 
When the biaxial stresses are compressive, the initial decrease in MAE suggests that 
reorientation of domain vectors to the field direction occurs at low stress level This implies 
that the compressive a^ dominates the compression ciy in determining the orientation of the 
domain magnetization. When a , is greater than 20 MPa, the signal increases again. The 
possible reason is that more domains can now turn to the z-direction when the applied stress 
is high enough to overcome the shape anisotropy of the specimen. As a result more non-
129 
180。DW processes wi l l take place in the magnetization process. 
(d) When s^ = -Sy, the corresponding stress components a^ and Gy are also of equal 
magnitude but opposite sign. By Eq. (5.4.1) and Eq. (5.4.2) the stress components a^ and 
CTy can be calculated from the strain s^  by 
a , … 厂 ( C n - Ci2)e, 二 C叩 (5.4.8) 
The line corresponding to the strain combinations s^  = -Sy was drawn in Fig. 5.4.9, 
and the stress component a^ for s^  = -Sy was calculated by Eq. (5.4.8). The MAE was then 
plotted against a^ in Fig. 5.4.12. The figure shows that the signal amplitude increases 
initially with increasing tensile a^ (i.e. g^ = -Qy > 0) at a rate of 0.31% per MPa and attains 
a maximum at a^ = 25 MPa, at which the signal increases by 8.7%. Then the signal 
decreases as a^ further increases. On the contrary, MAE decreases at a rate of 0.58% as the 
magnitude of the compressive a^ increases. The overall decrease in MAE is 18.7% when 
cjx is equal to -32 MPa. 
The above results can be explained as follows. When biaxial stresses a^ = -cjy are 
applied to the specimen, the direction in which a tensile stress is applied becomes the easy 
direction of domain magnetization. When a^ is tensile (i.e. cjy is compressive), the preferred 
alignment of domain vectors in those easy directions making the largest angles with the y-
direction enhances the MAE activity owing to an increase in non-180。DW processes during 
the magnetization process. The subsequent drop in MAE at high stress level is possibly due 
to the increasing proportion of domain rotation from the x-direction to the field direction 
during magnetization that cannot give rise to significant MAE. When a , is compressive (i.e. 
CTy is tensile), the alignment of domain vectors along the field direction is favoured. 
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Therefore, the magnetization process is likely to consist of 180。DW processes, thus 
resulting in a sharp decrease in the MAE activity. 
Comparing the cases (c) and (d)，it is found that the sensitivity of MAE to the stress 
level is higher under the application of the biaxial stresses a, = -a, than under the biaxial 
y 
stresses a^ = a^ This is because in general the effect of the stress component a^ on the 
domain structure is enhanced by the stress component -cjy, but is opposed by the stress 
component a^ 
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5.4.2.2 Study on Nickel Specimen 
During the experiment, the cross specimen was strained in two perpendicular 
directions, namely the x- and y-directions, while a magnetic field was applied in the y-
direction. The MAE profiles thus obtained are characterized by the peak heights which were 
measured as a function of the strain component s^  for two cases: (a) biaxial strains of equal 
magnitude and sign (i.e. s^  = Sy), and (b) biaxial strains of equal magnitude but opposite 
sign (i.e. s^ = -Sy). 
(a) In the case of s^ = Sy, the corresponding stress components a^ and Gy are also equal 
in magnitude and sign (i.e. a^ = cjy). In studying the effect of the biaxial stresses a^ = (Jy, 
the normalized MAE was plotted in Fig. 5.4.13 as a function of a^, which can be calculated 
from the strain reading s^  by Eq. (5.4.7). The figure shows that under a tensile a^ MAE 
initially decreases by 5% at a^ = 10 MPa. Then it increases with increasing tensile a^ and 
attains a maximum when a^ reaches 53 MPa. The maximum increase in MAE is 13%, as 
compared to the stress-free signal level. Then the signal amplitude decreases again as a^ 
further increases. 
On the other hand, the MAE signal decreases at a rate of 1.2% per MPa increase in 
the magnitude of the compressive a,. When the magnitude of the compressive a^ exceeds 
29 MPa, the signal level ceases to decrease. The overall drop in MAE is about 30% when 
a^ equals to 53MPa. 
Referring to the discussion made in Section 2.4, under an applied stress a the easy 
directions of domain magnetization depend on the product of a and the magnetostrictive 
constant X. In the case of nickel, as it has a negative magnetostriction, the application of 
a tensile or compressive stress wi l l tend to align the domain magnetization perpendicular 
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Fig. 5.4.13 Plots of normalized MAE from the nickel cross specimen (N5) as a 
function of a^ for s^  = Sy. 
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or parallel to the stress axis respectively. Under the biaxial stresses a^ = cjy，the situation 
is complicated as the z-direction (i.e. the direction perpendicular to the specimen plane) may 
also be an easy direction for domain magnetization. However, when the specimen is free 
of applied stress, owing to the shape anisotropy the domain magnetization prefers to align 
in the xy-plane rather than the z-direction. When the applied stresses a^ and cjy are both 
tensile, the z-direction becomes an easy direction, but the xy-plane becomes hard for 
domain magnetization. Therefore, when the magnitudes of the tensile stresses cj^  and cjy are 
small, the initial decrease in MAE is possibly due to the reorientation of domain 
magnetization into the y-direction (i.e. the field direction). I f now a magnetic field is 
applied in this direction, the magnetization process wi l l take place as the domains lying the 
field direction expand at the expense of those pointing in the opposite directions. Since this 
process involves mainly 180° DW motion, only a few MAE signals are given out, thus 
causing a drop in the signal amplitude at the low stress level. As the tensile a^ further 
increases, the domain magnetization tends to align in the z-direction as the shape anisotropy 
can now be overcome by the applied stresses. Therefore under a magnetic field applied in 
the y-direction, the magnetization process is more likely to consist of non-180° DW motion 
which takes place when the domains with magnetization lying in the y-direction grow at 
the expense of those lying in the z-direction. As a result, the MAE activity increases, giving 
rise to a stronger MAE signal. 
When both the applied stresses a^ and Gy are compressive, the z-direction becomes 
a hard direction but the xy-plane becomes easy. The decrease in MAE suggests that 
reorientation of the domain magnetization from z-direction to the xy-plane did take place， 
which reduces the amount of non-180。DW motion involved in the subsequent 
magnetization process. 
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(b) In the case of s^ = -Sy, the corresponding stress components CT^ and Gy are found to 
be equal in magnitude but opposite in sign (i.e. cr^  = -Gy), and the stress component a^ can 
be calculated from the strain reading s^  by Eq. (5.4.8). 
In order to study the effect of the biaxial stresses a^ = -Gy on MAE, the normalized 
MAE was plotted as a function of the stress component a^, as shown in Fig. 5.4.14. When 
the stress a^ is tensile, the MAE increases initially by about 4% at 2 MPa. Then the signal 
decreases again and fluctuates around the stress-free signal level. On the other hand, under 
a compressive g幻 the signal first decreases at a rate of 1.8% per MPa increases in a^. When 
the magnitude of the compressive a^ is greater than 6 MPa, the MAE signal ceases to 
decrease. The overall reduction in MAE is nearly 12% at a^ = -14 MPa. 
When biaxial stresses a^ = -Oy are applied to specimen, the direction in which the 
applied stress is compressive becomes an easy direction of domain magnetization. 
Therefore, under a compressive a^ the domain magnetization tends to align along the x-
direction. This effect is enhanced by the tensile a^ As a result there is a greater reluctance 
for the specimen to be magnetized in the y-direction, and the magnetization process 
involves mainly magnetization rotation which cannot produce significant MAE. This 
accounts for the sharp decrease in the signal level under compressive cj^ . When the stress 
cTx is tensile, the MAE is slightly increased, showing that non-180。DW processes are 
enhanced by a small tensile a^. As the tensile a^ further increases, domain magnetization 
prefers to align in the y-direction, and the 180。DW motion becomes increasingly important 
in the magnetization process, thus causing a decrease in the signal amplitude under a large 
tensile a^. 
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Fig. 5.4.14 Plots of normalized MAE from the nickel cross specimen (N5) as a 
function of a^ for s^ = -Sy. 
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5.5 Detection of Defects by MAE 
5.5.1 Study on Nickel Specimen 
5.5.1.1 Experimental Results 
(A) Dependence of MAE on Hole Diameter 
In this part, each of the profiles captured consists of a sharp peak at the coercivity. 
The mean signal amplitude was plotted against the hole diameter d in Fig. 5.5.1. The figure 
shows that for small holes {d < 10mm) the signal amplitudes scatter around the level of 
525mV by about 3%. When d is greater than 11.15mm，MAE starts to increase with 
increasing d. The signal amplitude increases by about 15% (compared to the signal level 
obtained at d = 0mm) when d equals to 17.50mm. 
(B) Demagnetizing Effect of Defects 
In the study of the demagnetizing effects associated with the implanted holes, MAE 
measurements were carried out at various spacer thickness with d fixed at 0mm (i.e. no 
hole), 12.6mm and 17.5mm. For comparison, the central peak heights were normalized and 
plotted against in Fig. 5.5.2. The experimental results with d = 0mm are those described 
in Section 5.1.2. The figure shows that in all cases the signal amplitudes decrease with 
increasing in particular, with d = Omm MAE decreases with increasing at the fastest 
rate. With d = 12.6 and 17.5mm，MAE decreases initially at nearly the same rates. When 
la exceeds 1.3mm, the sensitivity of MAE to /“ with the larger hole { d = 17.5mm) becomes 
lower than that with the smaller hole {d = 12.6mm). For example, with a spacer about 
1.1mm thick, the signal height decreases by 58%, 55% and 51% respectively for d = Omm, 
12.60mm and 17.50mm; while using a 4mm thick spacer, the percentage drops in signal 
height are 77% and 70% for d = 12.6mm and 17.5mm respectively. 
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5.5.1.2 Discussion 
It is expected that the hole introduced into the specimen can affect the MAE signal 
in two aspects. Firstly, the hole present in the specimen induces a demagnetizing field in 
addition to that given by the non-magnetic spacer. This modifies the distribution of the flux 
near the hole, and in general reduces magnetic induction B inside the specimen. This effect 
can also be explained in terms of the reluctance of the magnetic circuit. The hole increases 
the length of magnetic flux path but reduces the cross-sectional area A^ of the flux path 
inside the specimen. Therefore the magnetic reluctance of the specimen, !/fx人,increases. 
As a result the amount of magnetic flux flowing through the magnetic circuit decreases. 
Therefore MAE is expected to decrease with increasing hole diameter. However, in the 
present study, MAE is found to increase with the hole diameter. This implies that the 
variations in demagnetizing field with the hole size is not the dominant factor affecting the 
MAE activity. 
Secondly, it is believed that the additional boundaries of the implanted hole can alter 
the domain structure nearby. At a low applied field these extra boundaries favour the 
formation of closure domains that minimizes the local free-pole density at the interfaces. 
Moreover, the local demagnetizing field near the hole leads to the persistence of residual 
domains, which usually cannot be annihilated at normal saturation. As a result a large 
amount of non-180° DW are formed and pinned around the hole. Therefore under a low 
applied field the sudden release of these trapped non-180° DWs from their pinning sites 
produces large strain changes that can be detected as MAE. This accounts for the increase 
in the central peak height with increasing d as shown in Fig. 5.5.1. 
Although it is not possible to estimate the demagnetizing fields caused by the holes 
exactly, the difference between the demagnetizing effects of the holes of different sizes can 
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be indicated by comparing the dependence of MAE on the spacer thickness As 
increases, MAE decreases because of the increasing demagnetizing field due to the poor 
magnetic coupling between the c-core magnet and the specimen. In the presence of hole the 
overall demagnetizing field is attributed to both the non-magnetic spacer and the hole. 
Therefore for specimen with a smaller implanted hole, the fractional increase in the overall 
demagnetizing field by increasing ^ is greater, and hence the MAE signal decreases at a 
faster rate as increases. This accounts for the observation that without any hole MAE 
decays with increasing 1。at the fastest rate, but with the largest hole the decrease rate of 
MAE is the lowest. 
The demagnetizing effects of the holes of different diameters can also be compared 
based on considering the contribution of the hole to the overall reluctance of the magnetic 
circuit. In the presence of hole the overall reluctance R j should be rewritten as 
R L ^ K - d ^ 2/ , ^ ( 1 + 1)J + 丄 (5.5.1) 
T M s 4 | i X 
where d is the hole diameter, I, is the separation between the pole pieces of the magnet. The 
expression for R j is derived by assuming that the length of the flux path inside the 
specimen is composed of: (a) the straight path of length - d within the specimen free of 
the hole, and (b) the curved portion with length ¥2(1^/2+l)d around the hole. For the flux 
path around the hole A,, is replaced by the corrected effective cross-sectional area of the 
A.es which is given by 
L Tl 
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where p is the effective depth of field penetration. Using the same set of parameters listed 
in Table 5.1, the normalized values of ^ were calculated by substituting the values of d 
into Eq. (5.5.1)，and were plotted together with the normalized MAE signal amplitudes 
against as shown in Fig. 5.5.2. The agreement shows that the difference in the 
demagnetizing effects of the holes of different sizes can be predicted based on the 
reluctance calculation. 
From a practical point of view, the dependence of MAE on the size of the implanted 
hole indicates the potential application of MAE in detecting defects such as voids or cracks 
present in magnetic material. Nevertheless, the experimental results show that the sensitivity 
of the MAE peak height to the defect size is not high enough for the reliable determination 
of the presence of small defects with size of several mm. Meanwhile, the coupled effects 
of the demagnetizing field and the variations in domain structure due to the defects 
complicates the quantitative analysis of the dependence of MAE on defect size. 
5.5.2 Study on Mild Steel Specimen 
5.5.2.1 Experimental Results 
In the study of the dependence of MAE on the diameter d of the implanted hole, the 
field frequency f was varied from 0.5 Hz to 4 Hz in order to change the depth of field 
penetration. From the MAE profiles thus obtained two peaks corresponding to the domain 
creation and annihilation are found at the high field regions. The initial peak heights at 
different hole diameters d were plotted against f in Fig. 5.5.3 and Fig. 5.5.4 for 
configuration I (hole at the top) and configuration I I (hole at the bottom) respectively (see 
Fig. 4.7). In both configurations the peak height is found to increase with increasing d, but 
stronger MAE signals were detected from the upper side of the specimen. For comparison 
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Fig. 5.5.3 Plots of initial peak height against frequency f for the mild steel 
specimen (MS 14) obtained with various hole diameters d under configuration I. 
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obtained with various frequencies f for the mild steel specimen (MS 14) under 
configuration 1. 
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Fig. 5.5.6 Normalized initial peak height plotted against the hole diameter d 
obtained with various frequencies f for the mild steel specimen (MS 14) under 
configuration 11. 
146 
the normalized peak heights at various frequencies were plotted against d in Fig. 5.5.5 and 
Fig. 5.5.6 respectively for the configurations I and II. The peak heights were normalized 
by dividing the values by the signal amplitude at (i = 0 mm. Both figures show that MAE 
increases with increasing hole diameter at all frequencies, but in general the percentage 
increases in signal height with d are smaller at higher frequencies. Comparing Fig. 5.5.5 and 
Fig. 5.5.6, at a fixed value of d the percentage changes in MAE with f are smaller for 
configuration I. For example, when the hole diameter is fixed at 9.50mm but the frequency 
increases from 0.5Hz to 4Hz, the normalized initial peak height decreases from 1.14 to 1.08 
for configuration I, but from 1.23 to 1.01 for configuration II. This implies that under 
configuration II , the dependence of MAE on d is more sensitive to the magnetizing field 
frequency. 
In addition, the ratio m of the initial peak height to the final peak height were plotted 
against f for various hole diameters in Fig. 5.5.7 and Fig. 5.5.8 respectively for the 
configurations I and II. Scattering of the values of m is observed, especially for 
configuration II. This is possibly due to the small signal-to-noise ratio. Nevertheless, the 
general features of the dependence of m on both / a n d can still be recognized. At a fixed 
frequency, m is in general greater for a larger hole. For example, as shown in Fig. 5.5.7， 
for configuration I m scatters around 1.02 when d is equal to 0mm and 1.95mm, but it 
increases from 1.00 (at d 二 0mm) to 1.14 (at d = 9.50mm) when the frequency is kept at 
0.5Hz. Similar trend is also found in Fig. 5.5.8, which shows that a t / = 0.5Hz, m increases 
from 1.02 to 1.19 as d increases from 0 to 9.50mm. Furthermore, both figures show the 
same trend that m decreases and approaches 1.02 as/increases irrespective of the hole 
diameter d. However，m decreases at a faster rate for configuration I I than for configuration 
1. Also in both configurations the percentage changes in m with d are smaller at higher 
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frequencies. The present results show that the dependence of MAE on the hole size is also 
affected by the applied field frequency which determines the field penetration inside the 
specimen. 
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Fig. 5.5.7 Plots of peak height ratio m against frequency / obtained with various 
hole diameters d for the mild steel specimen (MS 14) under configuration I. 
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5.5.2.2 Discussion 
The effect of the additional hole boundaries on MAE from mild steel is similar to 
the case of nickel. The demagnetizing field associated with the hole reduces the effective 
field inside the specimen. This hinders domain annihilation and hence opposes the 
saturation of the specimen. However, the strong local demagnetizing field present around 
the hole adds up the applied field to provide the nucleation field required for domain 
formation at the boundaries. Therefore it favours the domain nucleation and thus enhances 
the corresponding MAE activity. This is supported by our results that the initial peak height 
is raised in the presence of hole. Furthermore, the persistence of residual domains around 
the hole leads to an incomplete domain annihilation and hence a drop in the corresponding 
M A E activity. As a result the peak height ratio increases with increasing hole diameter. 
In addition, the effect of the implanted hole on MAE also depends on the area of 
the hole boundaries swept by the applied field. This is related to the hole dimensions, as 
well as the field penetration inside the specimen. Therefore as the hole diameter increases, 
the initial peak height and thus the peak ratio m increase. In configuration I，the applied 
field can always sweep through the hole boundary at all the field frequencies used, although 
the area of the hole boundary being swept decreases with increasing / As a result, the 
fractional changes in the initial peak height and the peak height ratio decrease with 
increasing f for a fixed hole diameter. In configuration II，the MAE signal can only be 
affected when the applied field can sweep through the hole at sufficiently low frequency. 
At higher frequencies, the field cannot reach the hole boundary. Henceforth, for 
configuration I I the variations of the normalized MAE with d is smaller at higher 
frequencies, and a larger drop in peak height ratio is observed as/increases for a fixed hole 
diameter. Comparing the configurations I and II，an excess of the area of hole boundary 
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being swept by the applied field in configuration I accounts for the larger MAE activity 
obtained from the upper surface than from the lower surface through the entire frequency 
range. 
The present results shows that in the detection of hidden defects by MAE, a lower 
field frequency is preferred as it provides a deeper scanning of the specimen and hence a 
larger changes in MAE activity in the presence of defects. However, significant changes in 
MAE are observed only when the hole diameter is greater than 3mm. Hence it is still not 
reliable to detect small defects (with size smaller than several mm) by MAE measurements 
with the present experimental setup. On the other hand, by comparing Fig. 5.5.6 and 
Fig.5.5.8 the sensitivity of the peak height ratio to the hole size is found to be higher than 
that of the signal height since the extra boundaries of defects have opposite effects on 
domain creation and annihilation. This suggests that the peak ratio m is possibly the most 
suitable parameter used for determining the defect size by MAE. 
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CHAPTER SIX 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDIES 
In this project theoretical study and experimental work have been carried out to 
investigate the fundamental theory of MAE, and the feasibility of developing MAE into an 
NDT technique for stress measurement and defects detection. In order to consolidate the 
fundamentals of MAE, a model is proposed by attributing MAE to DW creation, motion 
and annihilation. The magnetic induction B inside the specimen is estimated by calculating 
the reluctance of the magnetic circuit formed by the magnet, the spacer and the specimen 
in series. Experimental studies are performed to investigate: (a) the effects of demagnetizing 
and stray fields on MAE, (b) the dependence of MAE on applied field frequency, and (c) 
the dependence of MAE on magnetic induction and specimen thickness. 
In studying the effects of demagnetizing and stray fields on MAE, demagnetizing 
field is introduced into the magnetic circuit by inserting non-magnetic spacer between the 
magnet and the specimen. The coexistence of three peaks in the MAE profiles from nickel 
( N l ) provides strong evidence for the generation of MAE by DW creation, motion and 
annihilation. From mild steel ( M S l l ) the usual two-peak profiles are obtained. In both 
materials, the signal amplitudes decrease with increasing spacer thickness. This trend can 
be predicted by calculating the reluctance of the magnetic circuit at various spacer 
thicknesses. In the study of the effect of heat treatment, same experiments have been 
performed on another nickel specimen (N2) before and after annealing. The profiles 
obtained before annealing are similar to those obtained from the specimen N l . After 
annealing，the central peak height is reduced significantly, leading to a change in profile 
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shape. Dislocation density is found to be reduced by annealing, as indicated by the decrease 
in Vickers micro-hardness. The present results provide evidence on the generation of MAE 
owing to the unpinning of DWs from dislocations. 
The dependence of MAE on applied field frequency has been studied on both nickel 
and mild steel before and after annealing. It is expected that the MAE signal increases with 
/ a s V匪 oc 产5 i f non-180。DW motion is the only source of MAE. For nickel, the MAE 
peak height roughly follows the above relation at high frequencies, but not at low 
frequencies (f < 5 Hz). For mild steel the disagreement between experimental results and 
theoretical prediction is larger, especially at low frequencies ( f < 2 0 Hz). On the other hand, 
based on our proposed model an expression describing the frequency dependence of MAE 
is derived, and excellent agreement with experimental results is found. This result indicates 
the significance of DW creation and annihilation in MAE generation in both materials， 
especially in mild steel. The profiles obtained at various frequencies indicate that DW 
motion becomes increasingly important to MAE generation as f increases. 
The dependence of MAE on the specimen thickness h and width w are investigated 
on ten mild steel bars with thickness h ranging from 2.55 to 50.25mm. MAE is found to 
decrease with increasing h as for h < 30mm, and cease to decrease for h > 30mm. For 
thicker bars, the reduction in MAE is due to the decrease in B. Similarly, MAE decreases 
with increasing w as w "6 for w < 30mm, but ceases to decrease for w > 30mm. This 
suggests that the applied field disperses in the same manner in the vertical and the lateral 
directions. These results are compared with the theoretical predictions made by three 
approaches. The first approach tackles the field penetration as a static problem, while the 
second one takes account of the eddy current shielding. The former is found satisfactory 
in explaining the experimental results at small h; however, for large h, the latter gives a 
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better prediction. Based on the above results a third approach, which combines the features 
of the first two approaches, is adopted. The prediction is in close agreement with the 
experimental results through the entire range of h. 
The sensitivities of MAE to uniaxial and biaxial stresses are evaluated through MAE 
measurements made on nickel and mild steel specimens. In the uniaxial stress study, MAE 
signal from nickel increases initially and then decreases under large tensile stress. The 
reverse situation is found for compressive stress. For mild steel, MAE decreases 
monotonically under tension, but under compression it increases initially and then decreases 
on further increase in stress level. The present results can be predicted qualitatively by 
considering the reorientation of domain magnetization under applied stress. 
In the biaxial stresses study, the dependence of MAE on different strain 
combinations for mild steel and nickel are shown in Fig. 5.4.9 and Fig. 5.4.13 respectively. 
Further analysis is made to study the dependence of MAE on: (a) stress cjy applied only in 
the field direction, (b) stress a^ applied normal to the field direction, (c) orthogonal stresses 
of equal magnitude and sign (i.e. a^ = cr》，and (d) orthogonal stresses of equal magnitude 
but opposite sign (i.e. a^ 二 -cjy). 
When the mild steel cross (MS 13) is subject to Gy, the results are similar to those 
obtained from the mild steel bars ( M S l l and MS12). The application of a , leads to the 
opposite stress dependence, and the sensitivity of MAE to stress is found to be lower. When 
cj 二 cT > 0，MAE first increases slightly and then decreases; however, for cTX 二 CTy < 0， X y 
MAE first decreases sharply and then increases at higher stress levels. For a , = -cjy > 0，the 
signal increases and then decreases; but for a , 二 -cjy < 0，a sharp decrease in signal 
amplitude is observed. It can be concluded for both nickel and mild steel, the sensitivity of 
MAE to stress decreases under orthogonal stresses of same sign (i.e. a , == cjy)，but increases 
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under orthogonal stresses of opposite sign (i.e. a, = -cr》. 
In the case of nickel, the effects of the biaxial stresses on MAE are studied for two 
cases: (a) biaxial strains of equal magnitude and sign, and (b) biaxial strains of equal 
magnitude but opposite sign. In case (a), when a, = Gy > 0，MAE increases with increasing 
stress level, but for a^ = ay < 0, the signal decreases as the stress level increases. In case 
(b), for Gx = -CTy < 0, MAE decreases as the compressive a^ increases. When a^ = -Gy > 0， 
MAE first increases slightly and then fluctuates about the stress-free level as the stress level 
further increases. 
The effect of extra boundaries associated with the hole drilled into the nickel and 
mild steel specimens has been studied. For nickel, MAE activity is found to increase with 
the hole diameter dfov d> 11mm. Furthermore, the demagnetizing effects of the holes with 
diameter 12.60mm and 17.50mm are studied by varying the spacer thickness /“. In both 
cases the peak height decreases with increasing spacer thickness although the central 
peak height is larger for a greater hole (d = 17.5mm). In addition, the central peak height 
decreases with increasing at the fastest rate for d = 0mm, but at the lowest rate for 
d = 17.50mm. The difference in demagnetizing effects of different holes can be predicted 
by considering the contribution of the hole to the total reluctance of the magnetic circuit. 
For mild steel, holes of diameter d varied from 1.95mm to 9.50mm are implanted 
into the specimen (MS 14). MAE measurements are made under the configurations I (hole 
at the top) and I I (hole at the bottom), with the field frequency varied from 0.5 to 4 Hz. 
MAE signal is found to increase with d through the whole frequency range, but the 
fractional increase in MAE with d is lower at higher frequencies. Similar trends are also 
found in the peak height ratio m, but its sensitivity to d is higher. As/varies, the sensitivity 
of MAE to d is larger for configuration II. Difference in MAE sensitivity at dif ferent/ is 
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attributed to the field penetration that determines the area of the hole boundaries swept by 
the applied field. For both nickel and mild steel, it is expected that the peak height ratio is 
a better parameter to size the hole, but the resolution is not high enough to detect defects 
of dimension smaller than several mm. 
Further investigation should include: (a) better theoretical modelling, (b) 
improvement of instrument for MAE measurement, and (c) more experimental work. 
Advance in the understanding of MAE can be made only with detailed theoretical 
modelling of: 
(i) domain structures of polycrystalline materials, and their response to magnetic field, 
applied stress, as well as microstructural variations such as material texture and 
anisotropics. 
(ii) the generation of MAE by DW creation, motion and annihilation. This wi l l provide 
more information such as the amplitudes and spectral distribution of the acoustic 
signals. 
(ii i) the field penetration inside the specimen with the parameters such as spacer 
thickness, applied field frequency and specimen dimensions subjected to change. The 
problem can then be solved by numerical techniques such as finite element method. 
The present instruments for signal processing need improvement to further reduce 
the background noise. For the measurement of stress and defects by MAE, the percentage 
error in signal should be made smaller than 1%, since the MAE signal is expected to vary 
only a few percents per MPa changes in applied stress. 
Further experimental work should include direct observation of domain structures 
and their variations upon the action of magnetic field or applied stress. In addition, the 
problem of spatially varying fields or stresses, which arises from the interaction of domains 
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with the microstmctural features such as grain boundaries and precipitates, cannot be 
satisfactorily solved even by the state-of-the-art modelling or simulation. Hence, MAE 
studies，when combined with MBE measurements, wi l l be useful in revealing the effects 
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